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Chapter 1 
 
General Introduction 
 
1.1 Biomass as renewable resource 
In the 21st century, much attention has been paid to sustainability of our society in 
human life and production activity in industries. At this time, human society highly 
depends on fossil resource such as coal and petroleum for generation of energy and 
production of goods used in our day-to-day life. However, in terms of foreseeable 
depletion of their reserves and the environmental problems, replacement of the fossil 
resources by renewable resources including wind, solar, geothermal, and biomass is 
carrying out for generation of energy. For the production of materials, reasonable 
solution to these major problems of our society is biomass that permanently available in 
large amount and can be used in carbon dioxide neutral way. The word of “biomass” 
consists of bio plus mass, and is originally used in the field of ecology simply referring 
to amount of animal and plant [1,2]. However, the definition of biomass is varied from 
one research area toward another field. In the energy field, biomass is the term used to 
describe all biologically produced materials and is the name which is given to any 
organic matters derived from plants and animals such as wood from forests, crops, 
seaweed [3,4]. So, such materials contain left over from agricultural and forestry 
processes, organic industrial waste, human waste, and animal waste. Also, it can be said 
that biomass is various sorts of living matters which store solar energy, because sunlight 
is converted by plant photosynthesis into sugars, starches, cellulose, lignin etc [3]. In 
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this process, carbon dioxide from their surroundings is fixed by photosynthesis with 
water and sunlight. Thus, utilization of biomass can contribute carbon neutral way 
which is one of the solutions for global warming [5]. In Japan, on January 2002, the 
Law on Special Measures for Facilitating the Use of New Energy Sources (New Energy 
Law) was partially revised to promote the utilization of biomass [6]. This has defined 
biomass as follows: Biomass is organic substances derived from plants and animals, 
which can be used as energy source except for crude oil, petroleum gas, natural gas, 
coal and products made from these resources. 
 There is no well-established classification of biomass, because the 
classification is defined differently according to the field depending on the purpose and 
application. Generally, biomass can be categorized by two ways. One is biological 
categorization based on type of existing biomass in the nature. Another way is based on 
the use or application as resources. Table 1.1 shows an example of biomass 
classification summarized by Stanislav and co-workers [7]. They roughly categorized 
biomass as fuel resources into several groups and sub-groups according to their distinct 
biological diversity, similar source and origin. In addition, as shown in Figure 1.1, Japan 
Institute of Energy proposed more simple classification in terms of use and application 
[2]. This classification for biomass includes not only conventional agricultural, forestry, 
fishery resource and their waste materials but also plantation biomass aiming for 
generation of energy. 
When biomass is utilized for energy generation or material development, it is 
crucial to avoid competition with human food supply chain. In first-generation biofuels, 
their production depends on raw material feedstock that is used for food and feed 
purpose [8]. This gave rise to several problems such as price increase of conventional 
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Figure 1.1 Classification of biomass by use and application [2] 
 
agricultural feed stocks and their sustainability. In this context, agricultural residues 
have been attracted much attentions for generation of energy and material development. 
This is because that they are produced in the economically established process as 
byproduct or waste and do not compete with food crops [9,10]. Furthermore, these are 
relatively cheaper than conventional agricultural products. Therefore, if the reuses of 
waste products can be possible for conversion of value-added materials, it will be 
meaningful. For these reasons, this thesis focused on such biomass waste from 
agricultural industry as a feedstock for functional material development. 
 
1.2 Agricultural residues 
1.2.1 Generation of agricultural residues 
Agricultural residues are generated in the flied, when agricultural crops are harvested 
Agriculture, forestry (woody), fishery, livestock residues (wastes)
Biomass
Conventional biomass resources
Biomass wastes (derivatives)
Plantation Biomass
Agriculture, forestry (woody), fishery, livestock farming
Food, materials, medicine, timber, pulp, chip, and others
Rice straw, cattle manure, lumber mill, sawdust, sewage sludge, 
black liquor
Forestry; eucalyptus, poplar, willow, oil palm
Herbaceous; sugarcane, switchgrass, sorghum, corn, rapeseed
Aquatic; giant kelp, water hyacinth, algae
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for grains. Table 1.2 shows world production amount in 2014 for agricultural crops, 
their residues, and potential available amount of residues. For example, main 
agricultural residues generated in large amount in the world are wheat straw, rice husks, 
rice straw, corn stover, sugarcane leaves, sugarcane tops. They also include waste 
products generated from their processing such as sugarcane bagasse. According to a 
report [2], amounts of residues were estimated from statistical data for world 
agricultural crop production collected by the Food and Agriculture Organization of the 
United Nations [11]. It was reported that the generation ratio of residues to crop yield 
were 140 % for rice, 130 % for wheat, 100 % for corn, and 28 % for sugarcane leaves 
and tops [12]. For sugarcane bagasse, it was generated from fresh cane at the ratio of  
 
Table 1.2 World production amounts of agricultural crops in 2014, their residues, and 
potential available amount. 
 Crop production
a
 (Mt) Residue (Mt) 
Potential available 
amount (Mt) 
Rice 741 
1037 
(husks and straw) 259 
Wheat 729 
948 
(straw) 237 
Corn 1022 
1022 
(corn stover) 256 
Sugarcane 1900 
532 
(leaves and tops) 133 
285
b
 
532
c
 
(bagasse) 
285 
532 
a
Statistical data obtained from FAO Statistical Database of the Food and Agriculture 
Organization of the United Nations. 
b
Generation ratio of 15 % was used for the calculation of bagasse production amount. 
b
Generation ratio of 28 % was used for the calculation of bagasse production amount. 
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15 %. However, other literatures reported that the generation ratio of bagasse is 
28−30 % [13]. Here, the ratio was defied as follows: Generation ratio of residue (%) = 
(weight of generated residue)/(production amount in weight) × 100. So, for example, the 
value of 28 % for sugarcane bagasse meant that 280 kg of bagasse was generated from 
1000 kg of raw sugarcane. As seen in Table 1.2, the sugarcane has the largest amount of 
the production of 1900 million ton per year in the world [11]. Then, corn, rice and wheat 
were followed. In contrast, the amount of generated residues for bagasse was the lowest, 
because the generation ratio is much lower than other crops. But the availability of the 
utilization should be taken into account due to difficultly to collect all of generated 
residues from the field. Thus, these were estimated as availability factor which was 
defined as the utilizable amount of the residue divided by total amount of generated 
residue. It was reported that the value is 0.25 for the rice, wheat, corn, leaves and tops 
of sugarcane. In the case of sugarcane bagasse, this factor is 1.0, meaning that the 
bagasse can be readily collected in the process of sugar extraction from raw sugarcane. 
It is noted that the potential available amount for the bagasse was 532 million ton. This 
value for sugarcane was the highest in listed agricultural residues. Despite the relatively 
low production of bagasse residue, the utilizable amount was higher than other 
agricultural resides. At the present time, these agricultural residues are used for low 
value application such as manure, animal feed and pulp production or left in the field 
and burned for removing [14–17]. So, the sugarcane bagasse is mostly used as fuel of 
the boiler in the sugar industry [18]. The bagasse is potentially available to utilize to 
abundant feedstock for energy generation, but for less material development. Therefore, 
it is important for local agricultural industry to explore more efficient utilization and 
convert into value-added products. 
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1.2.2 Structure and chemical composition of agricultural residues as lignocellulosic 
biomass 
Generally, agricultural resides consist of three main components of cellulose, 
hemicellulose, and lignin. Therefore, these are called as lignocellulosic biomass [19]. 
Remaining fractions are few percent of proteins, oils and ash. Figure 1.2 shows the main 
components and chemical structure of lignocellulosic biomass. These components 
construct non-uniform and complex three-dimensional structures of plant cell wall. As 
shown in Figure 1.3, the typical plant cell wall structure is made up of middle lamella, 
primary cell wall and secondary cell wall [20]. The outermost layer corresponding to the 
middle lamella is formed at an interface between the adjacent primary walls of cells. 
Then, the relatively thinner primary wall is deposited as a continuously extending layer 
which is produced by growing cells. Finally, the secondary wall is a thick layer inside 
the primary cell wall after termination of cell growth. These layers in the cell wall 
consist of cellulose, hemicellulose, pectin, and lignin components (Figure 1.2). In the 
primary cell wall, cellulose microfibrils covalently linked to hemicelluloses and forms 
cellulose-hemicellulose network that is embedded pectin matrix [21]. On the other hand, 
the secondary cell wall in some plant is composed of cellulose, hemicellulose (mainly 
xylan), and lignin. The lignin fills the spaces between cellulose, hemicelluloses, and 
pectin components of the cell wall and is important in providing rigidity on plant tissues. 
It is known that three different phenyl propane monomers form complex phenolic 
compound of lignin which is relatively hydrophobic than cellulose and hemicelluloses 
(Figure 1.3). Therefore, this also makes the cell wall impermeable to water and ensures 
an efficient water and nutrition transport due to the hydrophobic nature, high 
cross-linking, and high stability of lignin [22]. 
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Figure 1.3 Structure of the basic plant cell wall composed of the middle lamella, 
primary wall, and secondary wall (S). 
 
As mentioned above, cellulose is one of principal components of the cell wall. 
Thus, the cellulose is the most abundant natural polymer in the nature and forms about 
half to one-third of plant tissues [23]. β-glucose linked by β-(1,4)-glycosidic bonds 
forms liner chains with polymerization degree of 2000−6000 and 10000 in the primary 
wall and secondary wall, respectively [20]. In the cell wall, the cellulose chains are 
stabilized by strong hydrogen bond among abundant OH groups of cellulose and form 
microfibrils with high tensile strength. It was reported that the size of microfibril was in 
the range of 2 to 50 nm based on observations of various microscopic and/or 
spectroscopic techniques [24,25]. The length was in the order of several hundred nm. As 
shown in Figure 1.4, the cellulose is known to form several crystalline structures such as 
cellulose I (Iα and Iβ), II, and others [26]. In the native state, it always exists in the 
cellulose I. It has recently been revealed that crystalline structures of Iα and Iβ are 
S3
S2
S1
Primary 
cell wallMiddle 
lamella
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triclinic and monoclinic unit cells, respectively. In Figure 1.4b, two intermolecular 
hydrogen bonds are formed within the parallel chains in cellulose Iβ. However, when 
native cellulose with crystalline structure of cellulose I is dissolved, regenerated, or 
even treated with strong alkali without dissolution (mercerization), the structure is 
converted into cellulose II. This monoclinic crystalline structure with two antiparallel 
chains in the unit cell is characterized by the specific unit cell geometry with a modified 
hydrogen bonding system. However, it is still not well understood how the cellulose I 
converts into cellulose II without intermediate dispersion of cellulose molecules [27]. 
 
 
Figure 1.4 Crystal structures of cellulose Iβ and cellulose II: (a) projection of the unit 
cell on to the a-b plane, and (b) projection of the unit cell parallel to the (100) lattice 
plane (cellulose I) and the (010) lattice plane (cellulose II) [26]. 
(a)
(b)
Cellulose Iβ Cellulose II
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Furthermore, hemicellulose is heterogeneous components in plants. The 
branched non-crystalline polysaccharides consist of pentoses (xylose, arabinose), 
hexoses (mannose, glucose, galactose) and acetylated sugars. The term “hemicellulose” 
is used for polysaccharides that can be dissolved in either water or alkali aqueous 
solution [28]. Their degree of polymerization varies from 70 to 200 and is much lower 
than that of cellulose. The hemicelluloses in agricultural biomass like straw and grasses 
are mainly composed of xylan, while softwood hemicelluloses contain mainly 
glucomannan structure [29]. The hemicelluloses mediate a connection between the 
cellulose and the lignin and provide strong cellulose-hemicellulose-lignin matrix by 
cross-linking in the cell wall. 
 As mentioned, lignin is amorphous heteropolymer consisting of phenyl 
propane alcohol units (p-coumaryl, coniferyl, and sinapyl alcohol) with different 
linkages [30]. It mainly exists in the secondary wall (S1−S3) in Figure 1.3. The 
cellulose fibrils strongly interact with lignin layers, resulting in close association. Also 
lignin forms several types of covalent cross-links to hemicelluloses, creating a rigid 
structure of the plant cell wall. This matrix provides ability to protect plant against 
invasion by pathogens and insects [31]. Indeed, rigid association of cellulose with lignin 
regulates enzymatic saccharification for biofule production due to low accessibility to 
the cellulose [32].  
The structure and the quantity of these plant cell wall components vary 
depending on species, tissues and maturity of the plant cell wall [33,34]. Typical 
lignocellulosic biomass contains 30−50 % of cellulose, up to 35 % of hemicellulose, and 
5−30 % of lignin on dry plant weight base [33]. Table 1.3 summarizes particular types 
of agricultural resides as lignocellulosic biomass mentioned above and their chemical  
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Table 1.3 Agricultural residues as lignocellulosic biomass and their chemical 
composition. 
Lignocellulosic biomass Cellulose (%) Hemicellulose (%) Lignin (%) References 
Rice husk 33.4 21.0 18.3 [35] 
Rice straw 31.1 22.3 13.3 [36] 
Wheat straw 38.9 23.5 18.0 [37] 
Corn stover 38.3 25.8 17.4 [38] 
Sugarcane leaves and tops 33.3 28.5 36.1 [39] 
Sugarcane bagasse 43.1 31.1 11.4 [40] 
 
compositions. The selected agricultural residues contain 31−43 % cellulose, 21−31 % 
hemicelluloses, and 11−36 % lignin. In terms of cellulosic resource, it seems that wheat 
straw, corn stover and sugarcane bagasse contain higher cellulose amount. Thus, these 
are suitable candidate for uses as a feedstock for cellulosic materials. In addition, the 
low content of ash in bagasse was about 1.4 % and was found to be highly advantageous 
over other agricultural residues such as rice straw (17.5 % ash) and wheat straw (11.0 % 
ash), for usage in conversion process to cellulosic materials [41,42]. 
 
1.2.3. Utilization of agricultural residues for polymer materials 
As a abundant and cheap feedstock for material development, one of the main trends of 
study on utilization of agricultural residues is to use for composites with synthetic 
polymers such as poly(vinyl alcohol) [43], polyethylene [44], polypropylene [45,46], 
poly(vinyl chloride) to reinforce polymer matrix. This is because that most of residues 
are fibrous materials. Eco-friendly green composites based on polymers such as 
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polylactide [47] and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [48] are also 
developed and exhibit good biodegradability. Another study on the agricultural residues 
is application to adsorbent for heavy metal ions in aqueous solutions, since cellulose, 
hemicelluloses, lignin in the residues contain variety of functional groups that facilitate 
metal complexation [49]. They are directly used as adsorbent or chemically modified to 
improve their sorption capacity by delignification, esterification of carboxyl and 
phosphate group, methylation of amino groups, and hydrolysis of carboxylate groups. 
There are also many studies that reported capability of cationic and anionic dye 
adsorption by using various agricultural residues such as rice husk, and wheat straw 
[50,51]. In addition, nanofibrillated cellulose and nanocrystalline cellulose can be 
obtained from agricultural residues by mechanical or chemical treatment [52]. Table 1.4 
represents their difference in dimensions. The nanofibrillated cellulose consists of 
aggregated cellulose with diameter in the range of 20−60 nm and a length of several 
micrometers. The nanocrystalline cellulose is rigid rod-like particle with width and 
lengths of 2−10 nm and 100−600 nm, respectively. Major application of these celluloses 
is to use as a filer in nanocomposites with wide range of polymer matrices in order to 
improve mechanical and barrier properties. More recently, organic light-emitting diode  
 
Table 1.4 Difference of nanofibrilated and nanocrystalline cellulose in dimensions. 
Cellulose structure Diameter (nm) Length (nm) Aspect ratio (L/D) 
Nanofibrillated cellulose  20−60 >1000 100−150 
Nanocrystalline cellulose 2−10 100−600 10−100 
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on flexible and optically transparent cellulose nanocomposite film was successfully 
fabricated by deposition of electroluminescent layer [53]. Another study reported the 
use of nanocrystalline cellulose as drug delivery excipient [54]. This study showed the 
binding and release of hydrophobic anticancer agents from nanocrystalline cellulose 
modified by cetyl trimethylammonium bromide and then these drugs were released in a 
controlled manner over a period of several days. 
 
1.3 Bio-based polymers for biomedical applications 
In recent years, biopolymers produced from biomass such as agricultural residues 
gained much attention of scientists and technologists because of the demand to explore 
nonfossil fuel based polymers as a sustainable material. [55]. These polymers are called 
as bio-based polymers and offer important contributions by reducing the dependence on 
fossil fuels and carbon dioxide emission. According to ISI Web of Science, there is 
rapid increase in the number of publications on bio-based polymers and applications 
[55]. Table 1.4 shows classification of bio-based polymers according to their production 
process. They are generally divided into the following three groups of natural polymers 
obtained from biomass, polymers produced by bacterial fermentation, and polymers 
produced by polymerization of bio-based monomers from fermentation or conventional 
chemistry. Natural polymers are polysaccharides and proteins and are used with or 
without partial modification. Cellulose and amylose in the polysaccharide group can be 
found in various plants including crops and their residues, while alginic acid, chitin, and 
chitosan are contained in marine products such as seaweed, crab shell and shrimp shell. 
Proteins from biomass include fibroin, gelatin, and collagen which are obtained from 
silk worm and animals.  Several microbes also produce polysaccharides, 
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Table 1.4 Classification of bio-based polymers and their medical application. 
Classification 
Substance 
Application 
Monomer Polymer 
Natural polymer 
and modified 
natural polymer 
Polysaccharides 
 
Cellulose, Cotton Absorbent 
cotton 
 
Amylose, Starch Excipient 
 
Alginic acid Wound dressing 
 
Chitin, Chitosan Artificial skin 
Proteins 
 
Silk fibroin Suture 
 
Collagen Cell scaffold, 
Artificial skin 
 
Gelatin Hemostat,  
Drug capsule 
 
Fibrin Hemostat, 
Adhesive 
Polysaccharide 
derivatives 
 
Regenerated cellulose 
(cellophane) 
Dialysis 
membrane 
 
Cellulose acetate Dialysis 
membrane 
Polymers from 
microbial 
fermentation 
Polysaccharides 
 
Pullulan Plasma 
expander 
 
Hyaluronic acid Arthropathia 
remedy, 
Ophthalmic 
material 
Polypeptides 
 
Poly(γ-glutamic acid) Cosmetics 
 
Poly(ε-lycine) Antimicrobial 
agent 
Polyesters  
Polyhydroxyalkanoate − 
 
 Poly(3HB-co-3HV)
a
 − 
Fermentative 
production 
monomer 
Polyesters 
Lactic acid Polylactic acid Bone fixation 
Glycolic acid Polyglycolic acid Suture 
Poly(lactic acid-co-glycolic acid) Drug delivery 
Succinic acid Poybuthylene succinate − 
a
Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) 
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polypeptides and polyesters. For example, traditional hyaluronic acid is extracted from 
rooster cobs and now it is mainly produced by streptococcal fermentation [56]. 
Poly(3-hydroxybutyrate) is biosynthesized by over one hundred types of microbes such 
as hydrogen bacterium, nitrogen fixing bacterium, and photosynthesis bacterium from 
sugar, plant oil, and alcohol. On the other hand, in the case of polymers from bio-based 
monomers, commonly biomass is broken down into monomers and then chemical 
polymerization is carried out similarly to conventional polymers. Among them, 
polylactic acid is representative polymer and is synthesized from lactic acid by direct 
poly-condensation or ring-opening polymerization of lactide monomer [57]. The lactic 
acid is hydroxyl carboxylic acid which can be obtained by bacterial fermentation of 
starch or sugars from renewable resource. Polybutylene succinate is an aliphatic 
polyesters and produced by condensation of succinic acid and 1,4-butadiol [58].The 
succinic acid is produced by fermentation process, while efficient fermentative 
production of 1,4-butandiol is still under development. However, it has been studied that 
furfural from cellulose and hemicellulose could chemically convert into succinic acid 
and 1,4-butandiol to achieve complete bio-based polymer [59]. 
In the bio-based polymers, there are several characteristic advantages on using 
such natural polymers in the medical applications [60]. These polymers are very similar 
to macro molecular substances. Thus, toxicity and inflammation reaction to the 
polymers is suppressed. Several natural polymers such as collagen and hyaluronic acid 
are contained in animal’s extracellular matrix (ECM) and biologically interact with cells 
and living body at the molecular levels. Here, ECM is the secreted products of resident 
cells in every tissue and organ [61]. This is complex mixtures of structural and 
functional proteins, glycoproteins, and proteoglycan, surrounding cells in tissue and 
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providing space for new tissue formation and mechanical support. Furthermore, most of 
bio-based polymers are biodegradable in the nature and living body. If human body has 
degradative enzyme for those polymers, degradation can occur in the body. Generally, 
the natural polymers consist of low molecular substances which can be used by the 
living body. Thus, enzymatic decomposition products from natural polymers are less 
toxic and can be metabolized by physiological mechanism. However, it is needed to 
consider following things in natural polymers used in medical application. First is 
variability in the polymers due to their species, location, and season. Also, purification 
is required to obtain the natural polymers from biomass and complex structure of 
feedstock makes isolation difficult actually. Finally, proteins obtained from animals 
sometimes cause significant immunogenicity. In the case of polymers from bio-based 
monomers, polyesters can also be degraded by non-enzymatic hydrolysis in the living 
body and this property offers an advantage in medical applications in bio-based 
polymers. The variability and immunogenicity of these polymers are negligible in 
comparison with natural polymers. However, there are some disadvantages such as high 
hydrophobicity of aliphatic polyesters and lesser reactive functional group. Furthermore, 
local pH decrease occurs in which polymers are hydrolytically degraded. 
As seen in Figure 1.5, these bio-based polymers have various medical 
applications. This is because that most of them especially natural polymers exhibit less 
toxicity to living body. When the classification can summarized in shape of the 
materials in medical application fields, the morphological forms are classified in fiber, 
fabric, sheet, particle, and hydrogel for several field. Bio-based polymers mostly show 
biodegradation in the living body. Therefore, chitin, collagen, fibroin, polygylcolic acid 
and its copolymers are processed into fiber form and used as biodegradable sutures. 
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Figure 1.5 Application of bio-based polymer and their material forms in the medical 
field. 
 
Although native cellulose is employed as bandages and absorbent cotton, cellulose 
acetate has found an application in the treatment of renal failure for dialysis membrane. 
Chitin/chitosan, collagen, and hyaluronic acid in the sheet or hydrogel form are applied 
to wound dressing. Particularly, chitin and chitosan have been successfully used in 
wound dressing due to their antithrombogenic, hemostatic, immunity enhancing 
properties. Furthermore, various bio-based polymers are employed to prepare micro or 
nano particles as drug career for drug delivery system. This is because that their 
biodegradability in the living body enables to control drug release from careers by 
degradation. Recently, hydrogels used as cell scaffold have been actively studied for 
tissue regeneration [62]. In this field, natural polymers have frequently been used to 
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prepare hydrogels as a scaffold material, mimicking ECM. Particularly, hydrogels 
incorporated with the RGD adhesion peptide sequence (arginine-glycine-aspartic acid) 
successfully show favorable cell adhesion for various cells such as fibroblasts, 
endothelial cells, smooth muscle cells , osteoblasts, and chondrocytes.  
 
1.4 Natural polymer hydrogels for biomaterial applications 
It has been known that hydrogels composed of three-dimensional networks of 
hydrophilic polymer have high affinity for water. The hydrophilic polymer segments of 
the hydrogel can contain large amount of water among the polymer chains but are 
insoluble in water due to their chemically or physically cross-linked networks. 
Hydrogels are favorable candidates for biological application, because of high water 
content and softness of hydrogels which are similar to environment of natural tissues 
[63,64]. Since Wichterle and Lim synthesized the first hydrogels by copolymerization of 
2-hyroxyethyl methacrylate (HEMA) with ethylene dimetahcrylate [65], many 
researchers have devoted much energy to develop novel hydrogels for biological and 
biomedical application including tissue eng ineering, drug delivery and 
bio-nanotechnology [66,67]. According to the cross-linking method, the hydrogel can be 
dived into physical gels and chemical gels. Physical gels are prepared by molecular 
interaction through ionic or hydrogen bonds, while chemical gels are formed by 
covalent bonds. It is also known that hydrogels are classified into two general groups, 
synthetic and natural polymer hydrogels. Synthetic polymer hydrogels can be generated 
from poly(2-hydroxyethyl methacrylate) [68–70], poly(ethylene glycol) [71–73], and 
poly(vinyl alcohol) [74,75]. These polymers have good mechanical strength, 
reproducibility and their structures are readily controllable. Therefore, hydrogel
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properties composed of synthetic polymers can be predicted.  
On the other hand, many synthetic polymers frequently faced problems relate 
to negative tissue response and have been hard to provide ideal environment as 
implantable or injectable material [91,92]. One strategy for solving this problem is to 
employ natural polymers including alginic acid, chitosan, hyaluronic acid, and collagen 
for the development of hydrogels. As mentioned above, natural polymers offer the 
advantages such as less toxicity and specific interactions with the cell and living tissues. 
Therefore, there are many studies on natural polymer hydrogels. Table 1.5 shows 
synthetic and natural polymers used for hydrogel synthesis and their applications. 
Among them, alginic acid is a linear polysaccharide copolymer of (1-4)-linked 
β-D-mannuroni acid and α-L-guluronic acid monomers. It is mainly derived from brown 
seaweed and bacteria. The gelation easily occurs, when intermolecular ionic bridge is 
induced by addition of divalent cation such as Ca
2+
, Ba
2+
, and Sr
2+
. Thus, the 
biopolymer forms cross-linking between intermolecular polymer chains through ionic 
linkage. Alginic acid hydrogels have been widely studied in medical application. 
Alginate coupled with peptide was cross-linked by Ca
2+
 to prepare porous hydrogel 
beads for filling subcutaneous defect [76]. The alginate hydrogel bead supported 
cellular adhesion and growth, and established host tissue ingrowth and restructure 
containing vascular bed. Another study reported that alginate was chemically modified 
into low molecular weight oligomers and cross-linked with a biodegradable spacer 
(adipic dihydrazide) to form biodegradable hydrogels for delivery of antineoplastic 
agents [78]. There is also another polysaccharide, chitosan which is liner polysaccharide 
of (1-4)-linked D-glucosamine and N-acetyl-D-glucosamine monomer derived from 
chitin. Chitosan is water soluble in the acidic solution. The increased pH  
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Table 1.5 Natural and synthetic polymers used to synthesize hydrogels and their 
applications. 
Polymer Cross-linking method Application 
Natural polymers and their derivative 
Alginic acid Physical cross-link  
Chemical cross-link 
Tissue bulking agent [76] 
Cell carrier [77] 
Drug delivery[78] 
Chitosan Chemical cross-link Scaffold [79] 
Injectable [80] 
Collagen Chemical cross-link Chondrocyte scaffold [81] 
Blood vessel regeneration [82] 
Hyaluronic acid (HA) Chemical cross-link Condrogenesis [83] 
Drug delivery [84] 
   
Synthetic polymers 
Poly(2-hydroxyethylmethacrylate) Chemical cross-link Scaffold [69,70] 
Poly(vinyl alcohol) (PVA) Physical cross-link Wound dressing [74] 
Heart valve stent [75] 
Poly(ethylene glycol) (PEG) Chemical cross-link Drug delivery [72] 
Cell encapsulation [73] 
   
Composite of natural and synthetic polymers 
HA/PEG Chemical cross-link  Protein delivery [85] 
HA/PEG/peptide Chemical cross-link Scaffold [86] 
PVA/sodium alginate Physical cross-link Wound dressing [87] 
Scaffold [88] 
Chitosan/PEG/Gelatin Physical cross-link Scaffold [89] 
PEG/chitosan Chemical cross-link Cartilage regeneration [90] 
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induces gelation of the chitosan solution due to neutralization of the amino groups. 
Chitosan hydrogel is also synthesized by chemical cross-linking of difunctional 
chemicals. Kawase et al. synthesized chitosan hydrogel by using glutaraldehyde to 
increase hydrogel strength [79]. In this study, chitosan hydrogel showed hepatocytes 
compatibility and thus can be used as a scaffold. It was also reported that 
chitosan-alginate hydrogel cross-linked by naturally occurring genipin was used for 
drug delivery of Chinese medicine (gardeniae fructus) [80]. Furthermore, hyaluronic 
acid (HA) is simple glycosaminoglycan found in nearly every mammalian tissue and 
fluid. This is one of the major components in ECM of skin, cartilage, and the vitreous 
humor. Thus, HA hydrogel was frequently used as scaffold for skin and cartilage 
regeneration. For example, HA hydrogel was synthesized from methacrylated HA for 
cartilage regeneration and the ability of bone marrow derived mesenchymal stem cells 
(MSCs) was investigated [83]. 
In contrast to above natural polymers, collagen is the major protein found in the 
ECM. The collagen and other ECM components fill intercellular space and physically 
support tissue and organs, providing softness and structural strength. They also give 
scaffold for cell adhesion and regulate cell proliferation and tissue functions. At least 19 
different types of collagen were reported, but the basic structure of all collagen is 
composed of three polypeptide chains, which wrap around one another to form a 
three-stranded rope structure [93]. Especially, amino-acid sequence in the collagen is 
recognized by intergrin of cells, resulting in better cell adhesion in the ECM. Thus, 
collagen has frequently been used as a tissue culture scaffold material. Several collagen 
hydrogels can be prepared by using chemical cross-linker: glutaraldehyde, carbodiimide, 
by physical cross-linking: UV irradiation, freeze-drying, heating. There are many 
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studies on reconstruction of skin, blood vessel, and cartilage by using collagen scaffold 
[81,82]. In addition, composite hydrogel of synthetic and natural polymers have also 
been studied to control softness and stiffness of gel and in vivo degradation rate for 
various medical applications [85–90]. 
 Cellulose is also classified in polysaccharide and most abundant natural 
polymer in the nature. It can be obtained from various biomasses such as plants, 
seaweed, and bacteria. Therefore, there is huge possibility to become main chemical 
resource in future. As shown in Figure 1.2, cellulose having abundant hydroxyl groups 
can be used to prepare hydrogels easily with fascinating structures and properties. Many 
researchers devote much energy to develop hydrogels composed of cellulose and 
cellulose derivatives due to low toxicity and biodegradability, which show similarity to 
other natural polymers. The details will be explained next section. 
 
1.5 Cellulose-based hydrogels 
Cellulose-based hydrogels can be prepared from native cellulose and cellulose 
derivatives. There have been many works on preparation of  hydrogels by using 
cellulose derivatives such as methyl cellulose (MC), hydroxypropyl cellulose (HPC), 
hydroxypropylmethyl cellulose (HPMC), and carboxymethyl cellulose (CMC) through 
physical or chemical cross-linking, as shown in Table 1.6. These hydrogel already have 
been used in various medical applications. 
 
1.5.1 Cellulose derivative hydrogels 
Hydrophobically modified cellulose derivatives are soluble in water because substituted 
parts in the cellulose prevent hydrogen bonds formations. Therefore, cellulose  
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derivative hydrogels have been actively studied and used in various applications. 
Methyl cellulose (MC) and hydroxylpropyl cellulose (HPMC) exhibit lower critical 
solution temperature (LCST) at 40−50 °C and 75−90 °C, respectively and their physical 
and chemical modifications are applicable to decrease the LCST to around 37 °C for 
temperature, which is close to human body. The MC hydrogels have been used as an 
injectable cell scaffold due to its thermosensitivity [94]. In this study, the MC solutions 
were produced to exhibit low viscosity at 23°C and form a soft gel at 37°C. The MC 
hydrogel was also employed to coat the surface of a polystyrene dish and used to culture 
human embryonic stem cells for embryoid body [95]. Another study has reported the 
HPMC hydrogel prepared by grafting of silane and its condensation. The result showed 
that this hydrogel well supported proliferation and differentiation of osteoblast cells that 
were injected [96]. Furthermore, carboxymethyl cellulose (CMC) and hydroxyethyl 
cellulose were chemically cross-linked with divinylsulphone to synthesize CMC-based 
hydrogels [97]. These super absorbent hydrogels were also developed to treat edemas 
for body water elimination. 
 
1.5.2 Native cellulose hydrogels 
It is well known that native cellulose is very difficult to dissolve in common solvents. 
This is due to formation of strong hydrogen bond between abundant hydroxyl groups in 
the polymer chains. In addition, crystalline and aggregated fibers of the cellulose also 
make it difficult in the solubilization. For this reason, studies on native cellulose 
hydrogel are fewer than cellulose derivatives. Therefore, solvents such as alkali-based 
aqueous system [98], N-methylmorpholine-N-oxide (NMMO) [99], lithium chloride 
(LiCl)/N,N-dimethylacetamide (DMAc) [100], and ionic liquids (ILs) [101] were 
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developed for cellulose dissolutions. Theses solvent system provides great opportunities 
to prepare native cellulose hydrogel through physical cross-linking. Zhou et al. 
dissolved cellulose in 7 wt% NaOH aqueous solution with 12 wt% urea which 
pre-cooled at low temperature below −10 °C and then prepared hydrogels by 
temperature increasing or decreasing due to destruction of stability of cellulose solution 
[102]. Similarly, it was reported that cellulose hydrated membrane could be obtained 
from cellulose solution in NaOH/thiourea aqueous system by the solution casting [103]. 
LiCl/DMAc is also used to dissolve native cellulose. De Oliveira et al. prepared 
hydrogel beads by dropwise addition of cellulose in LiCl/DMAc solution into 
non-solvent such as methanol or insopropanol for chromatographic support [104]. 
Furthermore, transparent and strong cellulose hydrogels were prepared by regeneration 
of wood pulp and cotton cellulose by using LiCl/DMAc system, aiming at ocular 
bandage application [105]. When cellulose hydrogels were prepared from cellulose 
solution of LiCl/DMAc by coagulation in non-solvent, Saito et al. reported that 
transparency of the cellulose hydrogels depended on composition of the non-solvent 
aqueous solution containing organic solvent [106]. More recently, many studies have 
been made in the cellulose dissolution by using ILs. Kadokawa et al. have reported that 
flexible gels can be obtained by dissolving cellulose in 1-butyl-3-methylimidazolium 
chloride when keeping it at room temperature for 7 days [107]. In addition, several 
bacteria produce pure cellulose called as bacterial cellulose (BC). Due to its strength 
and low toxicity, BC-based hydrogels are used in a wide range of application in the 
biomaterial fields such as tissue engineering scaffold and dental implants [108]. 
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1.5.3 Cellulose dissolution methods 
Cellulose dissolution is a great challenge for efficient utilization of cellulose and further 
applications including fibers, films, and gels. Therefore, dissolution process of cellulose 
becomes key point for the preparation of cellulose hydrogels. The important factor for 
successful dissolution of cellulose is to break down the highly organized hydrogen 
bonds of cellulose and to stabilize cellulose molecules in the solution. Destruction of 
hydrogen bonding network of cellulose can be achieved by derivation or direct 
dissolution in specific solvent. Traditional viscose process is performed by dissolving 
cellulose as cellulose xanthate with following alkali and carbon disulphide treatment 
[109]. This is still the most important method for the cellulose processing. As 
non-derivatizing solvent, it is possible to dissolve cellulose in NaOH aqueous solution 
or NaOH/urea, thiourea, while this system can only dissolve cellulose with low 
crystalinity and degree of polymerization (Mη > 10
4
) [110]. It was also observed that the 
system was sensitive to temperature and decrease molecular weight of cellulose [111]. 
More recently, ILs have attracted much attention as promising solvent for cellulose due 
to simple dissolution process, non-volatility and lower flammability [112]. Therefore, 
they began to be used in cellulose dissolution and material processing. ILs are salts 
composed of organic nitrogen cations and inorganic or organic anions in a liquid state at 
room temperature. However, it was found that ILs are expensive ($1000 per kg) and 
requires large quantities of materials, solvent, energy [113]. 
On the other hand, LiCl/DMAc is a classical and direct solvent system for 
cellulose and still used as a very important tool for the analysis of cellulose and the 
preparation of cellulose materials. LiCl/DMAc solvent system has a weakness in 
activation process of cellulose, but it can dissolve high molecular weight cellulose such 
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as cotton and BC without or with negligible degradation. Furthermore, the cost 
performance is superior to ionic liquid. 
Prior to cellulose dissolution in LiCl/DMAc at room temperature, solvent 
exchange process is required for efficient dissolution. Some researchers have explained 
the effect of solvent exchanges as activation. Solvent exchange process generally 
consists of sequential immersion of cellulose in water, methanol or acetone, and DMAc 
[114,115]. In this process, one of the proposed effects of solvent exchange is strongly 
related in the molecular mobility and the nanometer-ordered heterogeneity of cellulose 
[116]. These changes allow easier access of the solvent molecule to cellulose and 
efficient dissolution. In regard to LiCl/DMAc system, there is still no consensus about 
the dissolution mechanism of cellulose. However, several researchers proposed 
cellulose dissolution mechanism of LiCl/DMAc system, as shown in Figure 1.6. 
McCormick et al. proposed that the hydroxyl protons of the anhydroglucose units were 
associated with the chloride anion by hydrogen bonding [117]. Then, the chloride ion 
was associated with a Li
+
(DMAc) macrocation. Morgenstern et al. observed that the 
chemical shift of Li was greatly changed with an increase of the cellulose concentration 
during insignificant change with an increase of the LiCl concentration [118]. From these 
results, they suggested that Li cation associated with DMAc was replaced by cellulosic 
hydroxyl group, when dissolving cellulose was done in LiCl/DMAc. Recently, Zhang 
and co-workers confirmed by using cellubiose as model compound that the hydroxyl 
protons of cellulose could form strong hydrogen bonds with the Cl
−
 anions, while the 
intermolecular hydrogen bonding networks of cellulose was broken with simultaneous 
splitting of the Li
+−Cl− ion pairs [119]. Then, the Li+ cations were solvated furthermore 
with free DMAc molecules and accompanied the hydrogen-bonded Cl
−
 anions to meet  
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Figure 1.6 Cellulose dissolution mechanisms in LiCl/DMAc system proposed by (a) 
McComic et al. [117], (b) Morgentern et al. [118], and (c) Zhang et al. [119]. 
 
 
the electric balance. Thereafter, the cellulose chains can disperse in molecular level in 
the solvent system to form homogeneous solution. As seen in these mechanisms, LiCl 
plays important role in the cellulose dissolution. Therefore, LiCl concentration also 
affects dissolution behavior. It was reported that LiCl concentration above 6 % was 
needed to achieve complete dissolution of cellulose with molecular weight of 1.82×10
5
. 
 
1.5.4 Recent studies in Nagaoka 
In contrast, previous works in our laboratory at Nagaoka were reported for native 
cellulose hydrogel films. These hydrogels of cellulose were prepared from agave 
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bagasse which was generated as agricultural residue in tequila production in Mexico 
[120,121]. In this study, cellulose was obtained from agave bagasse by chemical 
treatment and dissolved in LiCl/DMAc solution to prepare cellulose hydrogel films by 
phase inversion in ethanol vapor atmosphere. As shown in Figure 1.7, in the closed 
container, ethanol vapor penetrated into LiCl/DMAc solvent and then cellulose solvent 
became non-solvent by dilution. During ethanol penetration, cellulose solution 
gradually changed from liquid phase to solid cellulose gel followed by coagulation and 
then shrinkage of gel. Eventually, transparent and flexible cellulose hydrogel films 
could be obtained. These studies demonstrated that obtained cellulose hydrogel films 
had a high cytocompatibility and promoted cell proliferation as a fibroblast scaffold. 
However, very little works have been made in such hydrogels prepared from native 
cellulose, especially for cellulose obtained from agricultural residues. This is also  
 
 
 
 
Figure 1.7 Phase inversion process of polymer solution from liquid phase to solid gel. 
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summarized and reviewed by Kobayshi et al. as “Bagasse sustainable polymers for 
cellulose hydrogel sheets showing tissue regeneration” [122]. 
 
1.6 Importance in biocompatibility and cytocompatibility 
1.6.1 Biocompatibility of biomaterials 
As introduced with cellulose hydrogel films prepared by phase inversion, Tovar-Carrillo 
et al. reported good biocompatibility of the cellulose hydrogels [123]. A term of 
“biocompatibility” has been frequently used in literatures about biomaterials. In 1987, it 
was defined that biocompatibility is the ability of a material to perform with an 
appropriate host response in a specific application [124]. However, there is uncertainty 
in this definition. For example, a material used for haemostatic agent should promote 
blood clotting to control bleeding or wound closure. In contrast, this material may not 
be used for biomaterial such as stent which is a small mesh tube to treat narrow or weak 
blood vessels, because of coagulated blood and thrombus formation, meaning 
incompatible. Therefore, this general concept of biocompatibility has been used in a 
broad interpretation.  
 In the tissue generation, materials employed as scaffold must fulfill a number 
of requirements such as biocompatibility, cytocombatiblity and biodegradability. 
Scaffold materials are often used in the living body or interface of body such as wound 
repair. Therefore, biological response of the living body to those materials becomes 
very important factor for biocompatibility. Implantation of material often triggers 
undesired body reactions such as inflammation and fibrosis. These reactions would 
cause an unexpected risk for patients. The inflammatory response for wound repair 
includes injury, acute inflammation, chronic inflammation, and the formation of 
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granulomatous tissue [125]. At early stage, blood-material interactions occur with 
protein adsorption to the biomaterial surface and then blood clot forms as provisional 
matrix around the material. At the acute inflammation phase, neutrophils, which are 
main component of white blood cells, are recruited rapidly. Then monocytes appear into 
the injury site and differentiate into macrophages. These cells remove foreign materials 
such as bacteria and dead cells to clean up the wound site. The acute inflammation 
usually resolves less than one week, depending on the extent of injury. Following acute 
inflammation, chronic inflammation is identified by the presence of monocytes and 
lymphocytes. At the chronic inflammation phase, blood vessel and connective tissue 
also proliferate to restructure the injured area. The blood clot is replaced by the 
proliferation of fibroblasts and vascular endothelial cells. With biocompatible materials, 
early resolution of the acute and chronic inflammatory responses occurs with the 
chronic inflammatory response composed of monocytes and lymphocytes usually 
lasting no longer than two weeks [126]. In the final stage, the granulation tissue with 
presence of macrophages, the infiltration of fibroblasts and neovascularization is formed 
followed by fibrous capsule formation. The granulation tissue is then separated from the 
implanted materials by cell layer of monocytes, macrophages, and foreign body giant 
cells. As a result, the material used in the living body need to overcome above 
mentioned body reactions. 
 
1.6.2 Cytocompatibility of biomaterials for tissue regeneration 
Important role of scaffold materials in the tissue regeneration is to provide 
cytocompatible matrix for cell growing. Thus, interaction between cell and scaffold 
materials is a crucial factor that regulates cell adhesion, proliferation and differentiation. 
 
Chapter 1                                                    General Introduction 
- 33 - 
 
It is well known that collagen has been well studied to fabricate cell scaffold due to its 
excellent cytocompatilbility. Song et al. prepared porous scaffolds composed of jellyfish 
collagen by freeze-drying and cross-linking with 1-ethyl-(3-3-dimethylaminopropyl) 
carbodiimide hydrochloride/N-hydroxysuccinimide [127]. They cultured human 
fibroblasts, endothelial cells, smooth muscle cells, and chondrocytes on the scaffold. As 
a result, higher cell viability in jellyfish collagen was observed in comparison with 
others naturally derived biomaterials, including gelatin, hyaluronic acid, and glucan. 
Another report on nanofibrous collagen scaffold fabricated by electrospining revealed 
that aligned collagen fiber exhibited lower rabbit conjunctiva fibroblast cell adhesion, 
but higher cell proliferation relative to random scaffold [128]. From the results, it was 
concluded that the alignment of the fibers could control cell orientation and interaction 
between cell and the collagen fibers. To improve further the cell-interactive properties 
of collagen based scaffold, specific peptide and growth factors have been used. Shen et 
al. immobilized vascular endothelial growth factor in collagen scaffold and successfully 
promoted invasion and proliferation of endothelial cells into a scaffold [129]. 
Generally, in the initial stage of cell adhesion to the materials, nonspecific 
protein adsorption to the material surface from tissue fluid is first step and primarily 
responsible for the following biological events [130]. Figure 1.8 shows schematic 
illustration of successive events after implantation of a material. Water layer firstly 
forms with hydrated ions on the material surface depending on the different surface 
chemical properties. Proteins subsequently approach to the surface and then absorb on 
the surface. The surface properties influence on the orientation of their attachment and 
higher-order structures which determine if they denature or not. When cells absorb on 
the surface, they contact with the absorbed protein layer. Eventually, cells adhere and 
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furthermore extend on the material surface. Cells never interact directly with actual 
material surface but through integrins which mediate cell-protein interactions [131]. 
Therefore, adsorption of protein to biomaterials is important to obtain better 
cytocompatibility. In this regard, surface wettability greatly affects the protein 
adsorption. Sigal and colleagues prepared self-assembled monolayers of alkanethiolates 
on gold with various degree of wettability to investigate effect of surface wettability on 
the proteins adsorption [132]. There was a tendency that amount of adsorbed proteins 
was high in relatively hydrophobic surface. Also, protein adsorption showed a 
dependence on the kinds of protein. For example, less amount of non-cell adhesive 
albumin adsorbed on the hydrophilic surface, while higher amount of cell adhesive 
fibrinogen adsorbed. Therefore, these adsorbed proteins depending on surface 
wettability determined the subsequent cell adhesion behaviors [133]. Another factor to 
affect cytocompatibility is surface stiffness. Yeugn et al. investigated effects of surface  
 
 
 
 
Figure 1.8 Schematic illustration of successive events after implantation of a material. 
― +
(a) Water and ion layer formation (b) Protein adsorption
(c) Cell approach to material surface (d) Cell adhesion and extension
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stiffness on the cell morphology and adhesion by using laminated substrate with 
fibronectin or collagen [134]. In this study, fibroblast and endothelial cells developed a 
spread morphology and actin stress fibers on the surface with an elastic modulus greater 
than 2000 Pa. However, the stiffness dependence could not be observed when cells 
reached confluent state. In contrast, neutrophils were insensitive to surface stiffness 
change. In addition, surface roughness also influenced cell adhesion and morphology. 
For osteoblast cell, it was considered that an average roughness less than 2 μm formed 
fibroblast-like morphology [135]. In contrast, when the average roughness was greater 
than 2 μm and the peak-to-peak distance was less than 10 μm, the osteoblast cells 
showed typical cuboidal morphology. This was concluded that osterblast cells were 
unable to spread such rough surface. On these cases, 10 μm was the suggested size of an 
osteoblast cell. 
 
1.7 Outline of this thesis 
This thesis focuses on utilization of waste sugarcane bagasse for preparation of cellulose 
hydrogel films and their biomedical applications. In this study, sugarcane bagasse was 
used for a cellulosic feedstock and regenerated process into cellulose was studied in a 
view point of fabrication of the cellulose hydrogel films. Here, as the agricultural 
residue, Okinawan sugarcane bagasse was used. Their biocompatibility and 
cytocompatibility were also evaluated. This thesis consists of following six chapters. 
Chapter 1 presented brief introduction of biomass and bio-based polymer obtained from 
biomass, especially natural polymers. Topics of this chapter also contain hydrogels 
composed of natural polymers used for biomedical applications. Chapter 2 describes 
effect of pre-treatment of sugarcane bagasse on cellulose solution and cellulose 
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hydrogel films. In this chapter, sugarcane bagasse was chemically treated by sulfuric 
acid, sodium hydroxide, and sodium hypochlorite to obtain cellulose fibers. Then, 
cellulose fibers were dissolved in LiCl/DMAC solution to prepare cellulose hydrogel 
films by phase inversion in ethanol vapor atmosphere. When pre-treatment condition 
such as temperature was changed, hydrogel properties were investigated in terms of 
molecular weight, viscoelasticity, and fiber structure. Chapter 3 refers influence of trace 
lignin on the cellulose hydrogel property and cytocompatibility. After the sugarcane 
bagasse was chemically treated, trace lignin was remained in the cellulose hydrogel film. 
In this regard, mechanical properties and fibroblast compatibility of the cellulose 
hydrogel films with different lignin contents were evaluated. Chapter 4 describes 
biocompatibility of the cellulose hydrogel film by in vivo evaluation with mice. The 
cellulose hydrogel films were implanted in intraperitoneal of mice for 4 weeks and then 
body weight change and presence of inflammation response were examined to reveal 
influence of the hydrogel implantation. Changes in the molecular weight, FT-IR spectra 
and viscoelasticity of the hydrogel were also measured after implantation. In chapter 5, 
effect of LiCl concentration on hydrogen bond of the cellulose hydrogel was 
investigated by FT-IR spectroscopy at elevated temperature in the range of 30−60 °C. 
Cellulose solutions containing 4, 6, and 8 % LiCl were used to prepare cellulose 
hydrogel films. The temperature influence on viscoelastic property of the hydrogel films 
was also measured. Finally, Chapter 6 is the summary of this thesis. 
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Chapter 2 
 
Effect of pre-treatment of sugarcane bagasse on the cellulose 
solution and application for the cellulose hydrogel films 
 
ABSTRACT: Sugarcane bagasse was used as a cellulose resource and the transparent 
cellulose hydrogel films were obtained from the purified cellulose by phase inversion 
process without chemical cross-linking, when the dissolved cellulose in lithium 
chloride/N,N-dimethyl acetamide was transformed into the solid film. On these 
processes, bagasse was pre-treated by 10 wt% sodium hydroxide in the absence and 
presence of bleaching of 10 vol% sodium hypochlorite (NaOCl) solution in order to 
obtain cellulose fibers. Here, the bleaching temperature was varied from 40 to 50 °C. 
The effect of pre-treatment conditions on the resultant cellulose solution and hydrogel 
films was investigated. It was seen that strong bleaching removed most of lignin 
component from the bagasse. However, viscosity and size exclusion chromatogram of 
the cellulose indicated that this operation decreased average molecular weight of the 
cellulose fibers from 2.1×10
6
 to 4.8×10
5
. These property changes of the fibers also 
caused increase of water content and weakening of mechanical strength of the resultant 
hydrogels. In addition, scanning probe microscopy in wet state revealed that the porous 
fiber network structure in the hydrogel was greatly influenced by bleaching with NaOCl. 
The average pore size of fiber network was decreased from 8.1 to 5.9 nm as the NaOCl 
treatment was at 50 °C, due to expanded fibers in the swollen hydrogel. 
Keywords: Sugarcane bagasse; Hydrogel; Biomass; Cellulose; Treatment 
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2.1 Introduction 
In recent years, there have been many studies on the effective utilization of 
agro-industrial residues including sugarcane bagasse, cassava bagasse, rice husk, wheat 
straw and coconut fiber, etc.[1–4] Due to foreseeable depletion of fossil fuels and the 
environmental pollution, scientists have devoted much energy to utilize these residues 
as alternative source of energy and raw material for material development [5,6]. Among 
them, sugarcane bagasse is generated as a biomass fibrous residue in extraction process 
of sugar juice from the sugarcane [1,7]. The sugarcane was produced about 1.69 × 10
3
 
million tons in the world in 2010 and generally 280 kg of humid bagasse is generated 
from 1 ton of sugarcane [8]. Therefore, this is one of the largest cellulosic 
agro-industrial by-products. At the present time, the most of sugarcane bagasse is used 
as manure, feedstock and fuel of the boiler in the sugar industry. However, remaining 
bagasse still continues to be an environmental problem [9]. For this reason, efficient 
utilizations of the sugarcane bagasse residue have been studied as a resource which is 
potentially renewable and sustainable. Several attempts have been made to utilize 
sugarcane bagasse as a low material. These contain ethanol production by hydrolysis 
and fermentation, synthesis of cellulose derivatives and composites [1,10–13]. In the 
bagasse, about 40−50 % of cellulose is contained and another 25−35 % is hemicellulose. 
The remains are mostly lignin and lesser amount of mineral and wax [14]. It is well 
known that cellulose is the most abundant natural polymer consisting of β-glucose in the 
nature and forms about half to one-third of plant tissues [15]. The cellulose and its 
derivatives have attracted many researchers due to their unique properties such as low 
toxicity, biocompatibility and biodegradability. In previous work in Nagaoka, successful 
regeneration of bagasse for cellulose hydrogels was studied [16,17]. In these works, 
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cellulose fibers were purified from Agave bagasse which was generated in Tequila 
production in Mexico. This was successfully converted into hydrogel film by phase 
inversion of cellulose solution in lithium chloride (NaOCl)/N,N-dimethyl acetamide 
(DMAc) for tissue engineering [16]. Also, it was seen that the hydrogel properties, 
especially the fibrous aggregation of the hydrogel film strongly affected its 
cytocompatibility. Therefore, in the same manner with Agave bagsse, it was expected 
that the sugarcane bagasse could utilize for cellulose regeneration and preparation of 
cellulose hydrogel films and then could be applied to biomedical uses [18]. However, 
there are limited reports on the effect of pre-treatment conditions such as treatment time 
and temperature, depending on sodium hydroxide (NaOH) and sodium hypochlorite 
(NaOCl) treatment. These pre-treatment seems to influence on the resultant cellulose 
fibers in the molecular weight, degree of crystalinity and amount of trace lignin. Thus, 
the pre-treatment condition for the bagasse could affect the resultant cellulose solution 
and the hydrogel films. It is worthwhile investigating the pre-treatment condition of 
waste bagasse and corresponding properties of the cellulose solution and the hydrogel 
films by using residues such as sugarcane bagasse. 
In the present study, cellulose fibers were purified from sugarcane bagasse, 
which was purchased from Okinawa Island (Japan). According to government of 
Okinawa prefecture, approximately 688 × 10
3 
ton of sugarcane was produced in 2014 
and 194 × 10
3 
ton of bagasse was generated [19]. The 90 % bagasse has been burned in 
the boiler as the fuel and the 9 % is for manure. It is very attractive to study and explore 
effective and value-added utilization of the bagasse. Therefore, the sugarcane bagasse 
from Okinawa was treated by a sequence of sulfuric acid (H2SO4), sodium hydroxide 
(NaOH) and sodium hypochlorite (NaOCl) treatment for purification of cellulose. After 
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that, cellulose hydrogels were obtained by phase inversion of dissolved cellulose in 
LiCl/DMAc system. Here, the pre-treatment was performed by using the sugarcane 
bagasse with NaOH and then NaOCl bleaching at different temperature. Some attempts 
were made to reveal the effect of pre-treatment conditions on the cellulose solution and 
the hydrogel properties, for example viscosity, hydrophilicity, viscoelasticity and fiber 
network structure of hydrogels. 
 
2.2 Experimental section 
2.2.1 Materials 
Sugarcane bagasse was obtained from local sugar factory (Okinawa, Japan). Sulfuric 
acid (H2SO4), sodium hydroxide (NaOH), sodium hypochlorite (NaOCl), N,N-dimethyl 
acetamide (DMAc), lithium chloride (LiCl), and ethanol (EtOH) were purchased from 
Nacalai Tesque, Inc. (Tokyo, Japan). DMAc was stored with potassium hydroxide for 
over 3 days and LiCl was dried at 80 °C in the vacuum oven before using. Polystyrene 
standards for calibration of size exclusion chromatography were obtained from Tosoh 
Corp. (Japan). 
 
2.2.2 Approaches to utilization of bagasse generated in Okinawa 
As mentioned above, sugarcane bagasse is used as a low value product at the present 
time in Okinawa. Thus, several approaches have been made to give additional value to 
bagasse generated in Okinawa. It was reported that the bagasse was incorporated with 
cornstarch [20], chitosan [21], and aliphatic polyester [22] to reinforce the composite 
materials. In addition, the bagasse was already used for the production of bio-ethanol 
and other chemical compounds from the bagasse. There were several researches on 
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enzymatic conversion of the bagasse into sugar and lactic acid with pretreatment by 
ionic liquid or steam explosion [23,24] It was also reported that combination of fungal 
treatment and microwave hydrothermolysis improved enzymatic saccharification and 
ethanol fermentation of the sugarcane bagasse [25]. Another study demonstrated that 
functional dietary fibers could be obtained by steam explosion, enzymatic treatment, 
and fermentation. The fiber containing xylo-oligosaccharide effectively improved the 
intestinal environment [26]. However, final solution for effective utilization of bagasse 
still has been remained now. Additionally, there are no reports on regeneration of the 
bagasse into cellulose hydrogel films having biocompatibility as used for functionally 
advanced materials. Therefore, this work would give a new opportunity to utilize the 
bagasse to other applications such as biomedical material. Also, such conversion of the 
bagasse to the value-added materials would contribute to not only environmental issues 
and but also economy of local agricultural industry. 
 
2.2.3 Bagasse fiber pre-treatment 
To obtain cellulose fibers, pre-treatment of sugarcane bagasse was performed by 
following procedure. The bagasse was firstly washed in hot water (80 °C) to remove 
remaining sugar components and then dried in oven at 50 °C. In 300 mL of 4 vol% 
H2SO4 aqueous solution, 10 g of bagasse was stirred at 90 °C for 1.5 h and then in 300 
mL of 10 wt% NaOH aqueous solution at 90 °C for 12 h sequentially. The residue of 
fibers was washed with excess distilled water until neutral pH. After that, these were 
filtrated and dried in vacuum oven at room temperature overnight. In the pre-treatment 
procedure by using NaOH and NaOCl, 10 g of bagasse was treated as same as above 
mentioned method and furthermore bleached with 300 mL of 10 vol% NaOCl at 40 or  
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Table 2.1 Purification conditions of sugarcane bagasse 
 
50 °C for 3 h. Finally, these were washed with excess water and then followed by 
vacuum drying. These cellulose fibers were purified by different pre-treatment 
conditions and labeled as shown in Table 2.1. The obtained cellulose fibers were used 
for preparation of cellulose solution in DMAc/LiCl system. 
 
2.2.4 Preparation of cellulose solutions and hydrogel films 
The pre-treated bagasse cellulose fibers (1g) were stirred in distilled water at room 
temperature for 24 h to swell the fibers. After filtration, the swollen fibers were stirred 
in EtOH and DMAc at room temperature for 24 h for the solvent exchange [27]. Both 
dried DMAc (93g) and LiCl (6g) were added to dissolve cellulose fibers and stirred at 
room temperature for 1 day or more. The resultant viscous solution was centrifuged at 
9000 rpm by centrifuge machine (H-201FR, KOKUSAN Co. Ltd., Japan) for 20 min to 
remove insoluble residues. About 1 wt% cellulose in DMAc/LiCl containing 6 wt% 
LiCl was eventually obtained. 
For the preparation of cellulose hydrogels, 10 g of cellulose solution was 
poured into glass dish (91 mm diameter) and kept for 24 h in a plastic container which 
was filled with 40 mL of EtOH and the vapor atmosphere. In this step, coagulation of 
Sample 
Pre-treatment conditions 
H2SO4 NaOH NaOCl 
C1 4 vol% at 90 °C for 1.5 h 10 wt% at 90 °C for 12 h – 
C2 4 vol% at 90 °C for 1.5 h 10 wt% at 90 °C for 12 h 10 vol% at 40 °C for 3 h 
C3 4 vol% at 90 °C for 1.5 h 10 wt% at 90 °C for 12 h 10 vol% at 50 °C for 3h 
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cellulose was gradually progressed in the vapor at room temperature. Finally, the 
cellulose hydrogel film was obtained by the phase inversion process from liquid to solid 
gel. It was washed with excess water and then placed in distilled water for 24 h to 
remove DMAc. The obtained hydrogel films were kept in plastic container filled with 
distilled water until further experiments. 
 
2.2.5 Experimental procedures for characterization of cellulose solutions and 
hydrogel films 
Shear viscosity of the cellulose in LiCl/DMAc solution was measured by rheometer 
(Physica MCR301, Anton Paar, Austria) equipped with cone plate at 25 °C. Shear rate 
was varied from 0.1 to 1000 s
−1
. The size exclusion chromatographic (SEC) system was 
used to determine molecular weight distribution of the purified cellulose fiber. The SEC 
measurement was carried out based on reported method [28,29]. The system consisted 
of an online degasser (DGU-20A, Shimadzu, Japan), high-pressure pump (LC-20AD, 
Shimadzu), manual injector (7725i, Rheodyne), SEC column (KD-806M, Shodex) and 
refractive index (RI) detector (RID-10A, Shimadzu). Chromatogram was recorded by 
Chromatpac integrator (C-R8A, Shimadzu). Here, the measurement conditions were as 
follows; sample concentration of 0.5 to 1.0 mg/mL and the injection volume of 100 μL. 
The column temperature and the RI detector cell were kept at 50 and 40 °C, respectively. 
Before injection, sample solutions were filtered using poly(tetrafluoroethylene) 
disposable membrane filter with 0.45 μm pore size. The SEC system was calibrated 
with narrow distribution polystyrene standards (TSKstandard POLYSTYRENE, Tosoh 
Corp.). To evaluate relative lignin content in the hydrogel films, small pieces of 
cellulose hydrogel films (20 × 20 mm
2
) were sandwiched with two quartz glasses (25 × 
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25 mm
2
) and UV-Vis spectra were measured by using UV-Vis spectrometer (V-570, 
JASCO, Japan). The water content (WC) of hydrogel was calculated by following 
equation, WC = ((Ws – Wd)/Wd) × 100, where Ws was the weight of swollen sample and 
Wd was the weight of dried sample. For each sample, 5 specimens were used to evaluate 
the average value of WC. The X-ray diffraction (XRD) patterns of sugarcane bagasse, 
pre-treated cellulose fibers, and the resultant hydrogel films were recorded with CuKα 
radiation (λ=1.5418) at 40 kV and 30 mA in the range of 2θ = 10°−40° by X-ray 
diffractometer (Smart Lab, Rigaku, Japan). The samples were dried in vacuum at room 
temperature before the measurement. The crystalinity index (CI) was calculated 
according to reported method using following equation: CI (%) = (I002 – Iam)/I002) × 100, 
where I002 is the maximum intensity of the peak (002) lattice diffraction and Iam is the 
intensity of diffraction attributed to amorphous cellulose [30]. The measurement of 
viscoelastic property of the swollen cellulose hydrogel films was carried out by above 
mentioned rheometer at 25 °C. Relationship between storage, loss elastic modulus (G’ 
and G’’, respectively) and strain was evaluated through sweep of strain from 0.01 to 
100 % at frequency of 1 Hz. In addition, scanning probe microscope (SPM) (Nano Navi 
2, SII Nanotechnology) was used to observe surface structure of the cellulose hydrogel 
films. The observation by dynamic force mode was performed in wet condition at room 
temperature. Pore size distribution of the cellulose hydrogel films was determined from 
nitrogen adsorption and desorption isotherm at 77 K using TriStar II 3020 
(Micromeritics, U.S.). The mesopore size distribution was calculated by the 
Barrett-Joyner-Halenda (BJH) model applied to the adsorption branch of the isotherm. 
Before the measurement, swollen hydrogel films were freeze dried using freeze dryer 
(FD-5N, Tokyo Rikakikai Co., Ltd.) and then degassed at 70 °C in vacuo until constant 
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weight. 
 
2.3 Results and discussion 
As shown in Figure 2.1, bagasse fibers pre-treated with only NaOH (Figure 2.1b) 
showed light brown color, while the bleached fibers (Figure 2.1c and d) became white 
in the color. Prior to preparation of cellulose hydrogel films, the purified cellulose fibers 
were dissolved in LiCl/DMAc system. The 1 wt% cellulose solutions prepared from 
different cellulose fibers were characterized by viscosity measurement as shown in 
Figure 2.2. The flow curves of cellulose solutions showed the relationship between 
shear viscosity and shear rate. In the cases of the C1 and C2 solution, their values of the 
shear viscosity showed steady state in low shear rate range. However, continuous 
decrease of viscosity indicating shear-thinning flow was observed up to 1 s
−1
 for the C1 
and 25 s
−1
 for the C2 in the range of 1−1000 s−1. On the other hand, flow curve of the C3 
showed insignificant change like Newtonian fluid. This kind of behavior of cellulose  
 
 
 
 
Figure 2.1 Pictures of (a) sugarcane bagasse and the fibers treated by (b) NaOH, (c) 
NaOH with NaOCl at 40 °C, and (d) NaOH with NaOCl at 50 °C. 
(a) (b) (c) (d)
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Figure 2.2 Shear viscosity curves of DMAc/LiCl solution of the C1, C2, and C3. The 
measurement was carried out at 25 °C. 
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and cellulose derivative solutions has been observed by other researchers [31]. Wei et al. 
reported that microcrystalline cellulose and cotton linters dissolved in LiCl/DMAc 
exhibited Newtonian like behavior at low shear rate and shear-thinning at high shear 
rate [32]. However, there was no shear thinning in low average molecular weight 
cellulose solution. Therefore, it could be said that difference in behavior of the flow 
curves was due to difference in molecular weight of the cellulose. Table 2.2 contains 
values of shear viscosity measured at 0.1 and 1000 s
−1
. The values of shear viscosity 
ratio at 0.1 and 1000 s
−1
 was changed from 12.2 for the C1 to 1.6 and 1.03 for the C2 
and C3. Higher value of the shear viscosity ratio indicated that there was strong  
 
 
Table 2.2 Viscosity of the cellulose solutions, weight average molecular weight of the 
cellulose fibers, water content, and average pore size calculated by BJH method. 
a
Ratio of shear viscosity at shear rate of 10−
1
 and 10
3
 s−
1
 
b
Weight average molecular weight 
 
Sample 
name 
Viscosity of the cellulose solution 
Mw
b
 
( × 10
3
) 
Water 
content 
(%) 
Average 
pore 
size 
(nm) 
Shear viscosity 
at 10
−1
 s
−1 
(Pa·s) 
Shear viscosity 
at 10
3
 s
−1
 
 
(Pa·s) 
Shear 
viscosity 
ratio
a
 
C1 1.390 0.114 12.19 2126 1183 ± 47 8.1 
C2 0.114 0.068  1.61 1024 1525 ± 73 7.3 
C3 0.035 0.034  1.03 483 2036 ± 54 5.9 
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aggregation among cellulose molecules in the solution. Also, the aggregation was 
broken by large stress of the shear at higher shear rate in the viscosity measurement. 
These behaviors were due to change in the polymeric structure such as entanglement of 
the polymer chains which was stabilized by hydrogen bonds of cellulose [32,33]. Such 
polymer interaction showed a pseudoplastic shear-thinning flow. This meant that the 
cellulose fibers of the C1 had strong interaction in the cellulose solution in comparison 
with that of the C2 and C3. 
Basically, the value of viscosity in steady state is called zero-shear viscosity 
and higher value indicated that the cellulose had a higher value of the average molecular 
weight. The zero-shear viscosity of the C1, C2, and C3 were 1.4, 0.1 and 0.035 Pa·s, 
respectively. Therefore, it could be expected that the C1 had the highest value of the 
average molecular weight, followed by the C2 and C3. To determine molecular weight 
and molecular weight distribution of the purified celluloses, SEC measurement was 
performed as calibrated by polystyrene standards in linear range. As shown in Figure 
2.3, the cellulose fibers purified from sugarcane bagasse had wide molecular weight 
distribution. The figure also contains calibration plots with the elusion volume for 
column system The C1 showed major peak at high molecular weight region around 10
6
 
and small secondary peak in 10
5
 region. The secondary peak might be due to 
hemicellulose or lignin fragments which led to brown color of fibers [34,35]. On the 
other hand, the molecular weight distribution plots of the C2 and C3 were shown in 
broaden single peak. The peak top of plot shifted toward low molecular weight region 
with NaOCl treatment, as the temperature was increased. Also, the values of weight 
average molecular weight of each cellulose sample in Table 2.2 were decreased from 2.1 
× 10
6
 for the C1 to 4.8 × 10
5
 for the C3. These results meant that the treatment with  
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Figure 2.3 The plot points of (a) are molecular weight of calibration polymer 
(polystyrene), and the elusion volume. The plot (b) shows molecular weight 
distributions of the cellulose fibers of the C1, C2, and C3. 
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NaOCl at 50 °C caused degradation of the cellulose which led decrease in the molecular 
weight. 
According to our previous researches, the cellulose hydrogels were prepared 
from the cellulose solution in LiCl/DMAc by phase inversion technique [16,18]. As 
shown in Figure 2.4 (top), they were highly transparent although the hydrogel made of 
C1 had slightly yellowish color. This meant that the C1 contained lignin component in 
the hydrogel film. The UV-Vis spectra of lignin in the cellulose hydrogels are shown in 
Figure 2.4 (bottom). Here, transparent hydrogel films with 0.22−0.24 mm thickness 
were used for the UV-Vis measurement. The absorption band in the range of 200 to 220 
nm was attributed to the aromatic ring of lignin and the 280 nm was assigned to the 
phenolic structure of the free and etherified hydroxyl group [36]. It was seen that the 
absorption band in visible region from 400 to 500 nm contributed dark brown color of 
lignin. This suggested that lignin content in the C1 was relatively much higher than that 
of the C2 and C3. This result indicated that the bleaching process with NaOCl was 
effective to remove lignin. In addition, bleaching at increased temperature could 
enhance to remove the most of lignin in the fibers. 
It was considered that the lignin component in the cellulose hydrogel film had 
an influence on hydrophilicity of the hydrogel [37,38]. The values of WC were 
measured for cellulose hydrogels. As shown in Table 2.2, the prepared hydrogel films 
absorbed much water from 10 to 20 times of their dry weight, meaning that WC was in 
the range of 1000−2000 %. As seen, the water content was increased twice with 
decrease in relative lignin content comparing C1 with C3. This implied that the lignin 
component was comparatively hydrophobic and therefore, the low lignin content in the 
C3 hydrogel caused high water content in the hydrogel network. 
 
Chapter 2            Effect of pre-treatment of sugarcane bagasse on the cellulose hydrogel 
 
- 63 - 
 
 
 
Figure 2.4 Pictures (top) of the cellulose hydrogel films (a) C1, (b) C2, and (c) C3 and 
UV-Vis spectra (bottom) of lignin in the cellulose hydrogel films prepared from the C1, 
C2, and C3. 
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Figure 2.5 X-ray diffraction patterns of (a) sugarcane bagasse, purified cellulose fibers 
of (b) C1, (c) C2, (d) C3, and dried hydrogel films of (e) C1, (f) C2, (g) C3. 
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To evaluate effect of the pre-treatment condition on the crystalline structure of 
the cellulose fibers and resultant cellulose hydrogel films, XRD measurement was 
carried out. Figure 2.5 shows the XRD patterns of the bagasse and the purified fibers. 
Here, the patterns of (a)−(d) exhibited typical crystalline lattice of cellulose I with peaks 
at 22.6° and 16.1° [39]. This cellulose crystalline can be found in natural plant cellulose. 
In the crystalinity of bagasse and cellulose fibers, the peak ratio showed that bagasse, 
pre-treated fibers of C1, C2 and C3 were for 79.0, 81.1 83.3 and 84.3 %, respectively. 
The increment of their crystalinity in the pre-treated fibers was due to the removal of 
hemicelluloses and lignin by NaOH and NaOCl treatment, especially indicating higher 
purity of C3 fibers. Figure 2.5 also contains XRD patterns of the hydrogel films dried in 
vacuum. In the cases of the regenerated cellulose hydrogel films, significant change in 
the diffraction pattern was observed in (e)−(g) relative to bagasse and pre-treated fibers 
of (a)−(d). The broad peaks at around 20° were attributed to crystalline of cellulose II. 
These results indicated that cellulose I was transformed to cellulose II during the phase 
inversion process of liquid cellulose solution to the solid hydrogel film. This phenomena 
was also observed in dissolution and regeneration of cellulose using other solvents 
[40,41]. In addition, the regeneration process decreased crystalinity of the cellulose 
hydrogel films in the range of 50 to 55.56 %. This suggested that these amorphous 
cellulose easily interacted with water molecule and contributed high water content of 
the cellulose hydrogel films. 
Figure 2.6 shows viscoelastic data of cellulose hydrogel films which indicates 
relationship in G’ and G’’ versus strain at constant frequency of 1 Hz. Within the linear 
viscoelastic (LVE) range, G’ and G’’ had less change in the range of 1 × 10−2 to 3 × 
10
−1
 % strain [42]. It was noted that the value of G’ of the C1 hydrogel in the LVE range  
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Figure 2.6 Relationship between storage elastic modulus (G’), loss elastic modulus 
(G’’) and strain for the cellulose hydrogel films prepared from the C1, C2 and C3. The 
measurement was carried out at fixed frequency of 1Hz, 25 °C. 
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Figure 2.7 Relationship between tangent δ and strain for the cellulose hydrogel films 
prepared from the C1, C2 and C3. 
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was larger than that of C2 and C3. This meant that the elastic nature was high in the C1 
hydrogel. Figure 2.7 shows relationship between strain sweep and tanδ which was 
defined as G’’/G’. If the value of tanδ was between 0 and 1, the sample was a 
viscoelastic solid. If the value of tanδ was 1, the sample was at the gel point. At value 
above 1, the sample behaved like a viscoelastic liquid. In the case of strongly 
cross-linked gel materials, tanδ > 1 means fracture of material or inability to follow 
deformation, since rigid polymer networks might not flow. In the prepared cellulose 
hydrogel, cross points of G’ and G’’ (tan δ = 1) were shifted toward low strain range in 
order of strength of fiber treatment. It was considered that these viscoelastic changes 
were attributed to the change in the interaction of polymer chains such as entanglement 
of cellulose. As a result, strong fiber pre-treatment like higher temperature at 50 °C in 
the NaOCl treatment caused weakening of strength of the cellulose hydrogel film. This 
was due to degradation of the cellulose molecule which led to decrease in the molecular 
weight by the NaOCl treatment. Therefore, the fiber structure of the hydrogels was 
influenced by the bagasse pre-treatment condition. 
The SPM was used in wet condition to observe the fiber network structure of each 
hydrogels. Figure 2.8 shows SPM images of surface morphology of cellulose hydrogel 
films prepared from the C1, C2, and C3, respectively. Here, the scanning area was 1 × 1 
μm2. The surface of the C1 hydrogel exhibited thinner cellulose fiber network with 
diameter of approximately 20 to 30 nm. In contrast, the C2 and C3 hydrogel was 
composed of thicker fibers relative to that of C1. The values of root mean square (RMS) 
surface roughness were 8.0 nm for the C1 while the value of the C2 and C3 were 19.4 
nm and 21.6 nm. From the results of WC measurement, both C2 and C3 hydrogels 
showed higher values. Therefore, this indicated that the cellulose fibers treated with  
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NaOCl swelled in the hydrogel. The observation also suggested that the higher average 
molecular weight and containing lignin in the cellulose fiber facilitated rearrangement 
of cellulose fibers in the hydrogel film caused by interaction of cellulose polymers. 
Consequently, the cellulose fiber formed comparatively rigid fiber networks in the case 
of C1. 
In addition, pore size distributions of cellulose hydrogel films were determined in 
terms of nitrogen adsorption, as shown in Figures 2.9. Three kinds of hydrogel films 
had similar pore size distribution and their pore size were mainly less than 10 nm, 
indicating fine fiber networks in the hydrogel but porous structure in few hundred nm 
order. These results agreed with SPM observation. As shown in Table 2.2, the average 
pore size of the hydrogel was decreased from 8.1 nm of the C1 to 5.9 nm of the C3. 
These results suggested that the cellulose fibers in the hydrogel with low lignin content 
and average molecular weight such as C2, C3 were swollen in water. Consequently, the 
expanded fibers decreased pore size of the hydrogel networks. 
 
2.4 Conclusion 
In the present study, the effect of pre-treatment conditions of sugarcane bagasse on the 
cellulose solution and hydrogel films was investigated. The sugarcane bagasse was 
pre-treated by 4 vol% H2SO4, 10 wt% NaOH and with or without 10vol % NaOCl 
treatment at 40 or 50 °C. The hydrogel films prepared from sugarcane bagasse were 
successfully obtained by phase inversion of cellulose in DMAc/LiCl in the ethanol 
vapor. As a result, the NaOCl treatment and temperature increase influenced on the 
molecular weight, crystaliniy and lignin content of the resultant cellulose fibers. These 
affected the polymer interaction and fiber networks of the hydrogel film. However,  
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Figure 2.9 Pore size distributions of the freeze dried cellulose hydrogel films prepared 
from different cellulose fibers of (a) C1, (b) C2, and (c) C3. 
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hydrogel film became more hydrophilic and kept much higher water inside. Also, 
NaOCl treatment caused structural change of cellulose fiber networks in the hydrogel 
film. In conclusion, these results demonstrated capability to control the hydrogel 
properties, when properties of the regenerated cellulose were depended upon the 
pre-treatment conditions [17]. This work could provide useful information in order to 
regenerate sugarcane bagasse into cellulose hydrogel. 
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Chapter 3 
 
Cytocompatible cellulose hydrogels containing trace lignin 
 
ABSTRACT: Sugarcane bagasse was used as a cellulose resource to prepare transparent and 
flexible cellulose hydrogel films. On the purification process from bagasse to cellulose, the 
effect of lignin residues in the cellulose was examined for the resultant hydrogel films. The 
cellulose was dissolved in lithium chloride/N,N-dimethylacetamide solution and converted to 
hydrogel films by phase inversion. In the purification process, sodium hydroxide (NaOH) 
treatment was changed at different time, resulting in cellulose hydrogel films having small 
amounts of lignin from 1.62 to 0.68 %. The remaining lignin greatly affected hydrogel 
properties. Water content of hydrogel films was increased from 1153 to 1525 % with decrease 
of lignin content. Moreover, lower lignin content caused weakening of tensile strength from 
0.80 to 0.43 N/mm
2
 and elongation from 45.2 to 26.5 %. Also, similar tendency was observed 
in viscoelastic behavior of the cellulose hydrogel films. Evidence was shown that the lignin 
residue was effective for the high strength of the hydrogel films. In addition, scanning probe 
microscopy in the morphological observation suggested that the trace lignin in the cellulose 
hydrogel affected the cellulose fiber aggregation in the hydrogel network. Furthermore, the 
hydrogel containing 1.62% lignin showed good fibroblast compatibility. 
 
Keywords: Cellulose; Hydrogel; Lignin; Sugarcane bagasse; Cytocompatibility 
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3.1 Introduction 
Naturally occurring polymers such as collagen, hyaluronic acid, chitin, and chitosan are 
favorable candidate to develop novel hydrogels for biomedical application because of their 
biocompatibility and biodegradability [1–3]. Synthetic polymers also have been employed to 
fabricate hydrogels for biomedical application due to their advantages in controllable 
structure and good mechanical strength. However, they offered limited biocompatibility as 
implantable or injectable materials [4,5]. For this reason, naturally occurring polymers have 
attracted much attention of many researchers for development of hydrogels mimicking body 
tissues as scaffold for tissue regeneration [6,7]. Sugarcane bagasse is one of the largest 
cellulosic waste materials, which is generated as a fibrous residue in extraction process of 
sugar juice from the sugarcane [8,9]. Although it was utilized as manure, feed stock and fuel 
in sugar industry, remaining bagasse still continues to be an environmental problem [10]. 
Therefore, efficient utilizations of the sugarcane bagasse residue have been studied as a 
potentially renewable cellulose resource for functional materials. It is well known that 
cellulose is a natural polymer and the most abundant one consisting of β-glucose in the nature 
and forms about half to one-third of plant tissues [11]. Also, the biocompatibility of cellulose 
and its derivatives is well established [12]. Recently, our research group studied cellulose 
hydrogel films regenerated from cellulosic waste materials including agave bagasse[13] and 
bamboo fibers [14]. These hydrogel films were applied to cell scaffold material for tissue 
regeneration and exhibited fibroblast compatibility [15]. In addition, biocompatibility of the 
cellulose hydrogel regenerated from sugarcane bagasse was evaluated [16]. In this study, it 
was revealed that in vivo behavior in mice was excellent in the biocompatibility. Also, the 
effect of pretreatment of the sugarcane bagasse waste on the hydrogel properties was 
investigated in water content, viscoelastic property, and the hydrogel morphology [17]. 
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However, still little is known about the cellulose hydrogels derived from waste bagasse 
materials, especially the hydrogels containing trace lignin.  
In the present work, the waste sugarcane bagasse produced in Okinawa Island 
(Japan) was used as cellulosic resource for regenerated cellulose hydrogel films. Usually, 
about 40−50 % of cellulose is contained and another 25−35 % is hemicellulose. The 
remains are mostly lignin and lesser amount of mineral and wax [18]. Sugarcane 
bagasse was treated by a sequential treatments of sulfuric acid (H2SO4), sodium 
hydroxide (NaOH), and sodium hypochlorite (NaOCl) to remove lignin and 
hemicelluloses [13,19]. After these processes for regenerated cellulose, cellulose 
hydrogels were obtained by phase inversion of dissolved cellulose in lithium 
chloride/N,N-dimethylacetamide. In their processes, small amount of lignin was 
incompletely removed in the cellulose fibers depending on treatment condition. 
Therefore, the present work described the influence of the trace of lignin in the cellulose 
hydrogels, when the resultant hydrogel films were characterized in the properties of 
hydrogel films and their cytocompatiblity. 
 
3.2 Experimental section 
3.2.1 Materials 
Sugarcane bagasse was obtained from local sugar factory (Okinawa, Japan). Sulfuric 
acid (H2SO4), sodium hydroxide (NaOH), sodium hypochlorite (NaOCl), 
N,N-dimethylacetamide (DMAc), lithium chloride (LiCl), and ethanol (EtOH) were 
purchased from Nacalai Tesque, Inc. (Tokyo, Japan). DMAc was stored with potassium 
hydroxide for over 3 days and LiCl was dried at 80 °C in the vacuum oven before using. 
Polystyrene standards for SEC calibration were obtained from Tosoh Corp. (Japan). 
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Phosphate buffered saline (PBS, DS Pharma Biomedical Co., Ltd.) was used as received. 
Bicinchonic acid (BCA) kit, fetal bovine serum (FBS), and bovine serum albumin 
(BSA) were purchased from Sigma-Aldrich. Dulbecco’s modified eagle medium 
(DMEM), penicillin streptomycin from Gibco were used as cell culture medium. NIH 
3T3 mouse embryonic fibroblast cells were obtained from BioResource Center, Japan. 
 
3.2.2 Sugarcane bagasse fiber treatment 
Purification of cellulose fiber from the sugarcane bagasse was performed by following 
procedure. The bagasse was firstly washed in hot water (80 °C) five times to remove the 
remaining sugar and then dried in oven at 50 °C. In 300 mL of 4 vol% H2SO4 aqueous 
solution, 10 g of bagasse was stirred at 90 °C for 1.5 h and then was treated in 300 mL 
of 10 wt% NaOH aqueous solution at 90 °C for different time of 1, 6 and 12 h. In each 
step, the residue of fibers was washed with excess distilled water until neutral pH. After 
this process was finished, fibers were bleached in 300 mL of 10 vol% NaOCl at 40 °C 
for 3 h. They were washed with excess water and then dried in vacuum oven at room 
temperature overnight. These cellulose fibers purified at different NaOH treatment time 
and then bleached were labeled as N1B, N6B and N12B for 1, 6, and 12 h. Also, the 
cellulose fibers purified by NaOH without bleaching were named as N12 for the 
comparison to above three samples. These are listed in Table 3.1. 
 
3.2.3 Preparation of cellulose solution and hydrogel films 
The treated bagasse cellulose fibers (1 g) were stirred in distilled water at room 
temperature for 24 h and swollen fibers were obtained. After filtration, the swollen 
fibers were stirred in EtOH and then DMAc at room temperature for 24 h for the solvent  
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exchange [20]. Both dried DMAc (93g) and LiCl (6g) were added to dissolve cellulose 
fibers and stirred at room temperature for 1 day or more. The resultant viscous solution 
was centrifuged at 9000 rpm by centrifugal (H-201FR, KOKUSAN Co. Ltd., Japan) for 
20 min to remove insoluble residues. Eventually, LiCl/DMAc solution containing 6 
wt% LiCl and 1 wt% of the purified cellulose was obtained. Figure 3.1 shows pictures 
of purified cellulose fibers (bottom) and the LiCl/DMAc solutions containing cellulose 
treated with different NaOH condition and also without and with NaOCl treatment. 
By using each cellulose solution in LiCl/DMAc, phase inversion process was 
made to prepare hydrogel films according to our previous reports [13,15,17]. The 
detailed procedure was followed. For the preparation of cellulose hydrogel films, 8 g of 
cellulose solution was poured into glass dish (91 mm diameter) and kept for 24 h in a 
plastic container which was filled with 40 mL of EtOH and the vapor atmosphere. In 
this step, coagulation of cellulose was gradually progressed in the vapor at room 
temperature. Finally, the cellulose hydrogel film was obtained by phase inversion 
process from liquid to solid hydrogel. The resultant hydrogel films were washed with 
excess water and then placed in distilled water for 24 h to remove DMAc and LiCl. The 
obtained hydrogel films were kept in plastic container filled with distilled water until 
further experiments. 
 
3.2.4 Evaluation of cellulose hydrogel films 
FT-IR spectra of hydrogel films were recorded by using FT-IR spectrophotometer 
(IR-prestige 21, Shimadzu, Japan), as potassium bromide (KBr) tablet method was 
applied with 8 cm
−1
 resolution and 16 scans in the range of 500 to 4000 cm
−1
. To 
evaluate lignin content in the hydrogel films, a small piece of swollen film (20 mm × 20 
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mm) was sandwiched with two quartz glasses (25 mm × 25 mm × 0.1 mm) and then 
UV-Vis spectra were measured by UV-Vis spectrometer (V-570, JASCO, Japan). 
Equation which was used in the National Renewable Energy Laboratory (NREL) 
Laboratory Analytical Procedures (LAP) [21] to determine acid soluble lignin, was 
modified to calculate lignin content as following equaton: Lignin (wt%) = 
(A·V)/(ε·ℓ·M) × 100, where A and V were absorbance at 240 nm and volume of the 
swollen hydrogel film in liter, respectively. Absorption coefficient ε was 25 L/g·cm 
which was determined in acid soluble lignin of bagasse [21]. The light path length ℓ was 
thickness of the film in cm and M was the dry weight of hydrogel film in g. To 
determine molecular weight distribution of cellulose, size exclusion chromatography 
(SEC) was performed by the SEC system which was consisted of an online degasser 
(DGU-20A, Shimadzu, Japan), high-pressure pump (LC-20AD, Shimadzu), manual 
injector (7725i, Rheodyne), SEC column (KD-806M, Shodex), and refractive index (RI) 
detector (RID-10A, Shimadzu) [22,23]. The chromatogram was recorded by 
Chromatpac integrator (C-R8A, Shimadzu). The column temperature and the RI 
detector cell were kept at 50 and 40 °C, respectively. As an eluent, 1 g of LiCl/100 mL 
of DMAc was used. The SEC system was calibrated with narrow distribution 
polystyrene standards. The cellulose fibers were dissolved in 8 % LiCl/DMAc and then 
diluted to 1 % concentration of the LiCl. Final sample concentration of 1 mg/mL was 
used for the SEC measurement. Before injection, the sample solution was filtered using 
a poly(tetrafluoroethylene) disposable membrane filter with pore size of 0.45 μm. The 
injection volume was 100 μL. The water content (WC) of hydrogel was calculated by 
following equation, WC = ((Ws – Wd)/Wd) × 100, where Ws was the weight of swollen 
sample and Wd was the weight of dried sample. For each sample, 5 specimens were 
 
Chapter 3                      Cytocompatible cellulose hydrogels containing trace lignin 
 
- 84 - 
used to evaluate the value of WC in average. Tensile strength and elongation of the 
swollen hydrogel films were measured by using LTS-500-S20 (Minebea, Japan). The 
hydrogel films were cut into test pieces (40 mm × 10 mm × 0.3 mm). The values of 
tensile strength and elongation were calculated by following equation: Tensile strength 
(N/mm
2
) = maximum load (N)/cross-section area (mm
2
), Elongation (%) = (sample 
length at rupture point (mm) – initial length (mm))/initial length (mm) × 100. For each 
sample, five test pieces were used to obtain averaged values. Viscoelastic measurement 
of the swollen cellulose hydrogel films was carried out by rheometer (Physica MCR301, 
Anton Paar) at 25 °C. Relationship between storage, loss elastic moduli (G’ and G’’, 
respectively) and strain was measured through sweep of strain from 10
−2
 to 10
2
 % at 
frequency of 1 Hz. Quantitative protein adsorption in PBS was evaluated by bicinchonic 
acid assay [13]. Here, 1 mg/mL of fetal bovine serum (FBS) and bovine serum albumin 
(BSA) were used. Prior to protein adsorption test, the hydrogel films were cut into 5 × 5 
mm
2
 pieces and then immersed in PBS for 24 h. These films were put in 1 mL of PBS 
containing known protein concentration for 1 h at 37 °C. Subsequently, sample pieces 
were washed 3 times by PBS. Absorbed proteins on the hydrogel film were removed by 
1 mL of 2 wt% sodium dodecyl sulfate (SDS) aqueous solution in shaking bath at room 
temperature. The amount of absorbed proteins was calculated from the concentration of 
proteins in the SDS aqueous solution which was determined by UV-Vis absorption at 
562 nm. To calculate average value, five pieces of the hydrogel film were used. In 
addition, scanning probe microscope (SPM) (Nano Navi 2, SII Nanotechnology) was 
used to observe surface structure of the cellulose hydrogel films. The observation by 
dynamic force mode was performed in wet condition at room temperature. The X-ray 
diffraction (XRD) patterns of the cellulose hydrogel films were recorded by X-ray 
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diffractometer (Smart Lab, Rigaku, Japan) with CuKα radiation (λ=1.5418) at 40 kV 
and 30 mA in the range of 2θ = 10°−40°. The hydrogel films were dried in vacuum at 
room temperature before the measurement. 
 
3.2.5 Cytocompatibility evaluation of cellulose hydrogel films 
NIH 3T3 mouse embryonic fibroblast cells were used to evaluate the cytocompatibility 
of sugarcane cellulose hydrogel films according to our previous report [13]. The 
hydrogel films were cut into 30 mm in diameter and then sterilized twice in 50 and 
70 % aqueous ethanol solution for 20 min each treatment. The sterilized hydrogel films 
were washed with PBS for 24 h. After that, these were placed in polystyrene Petri dish 
(32 mm diameter) and then immersed in Dulbecco’s modified eagle medium (DMEM) 
for 2 h before cell seeding. The fibroblast cells were seeded on the hydrogel films to be 
cell density of 8×10
3
 cells/cm
2
 and cultured at 37 °C in humid air with 5 % CO2. The 
culture medium was supplemented with 10 % FBS and 1 % penicillin/streptomycin. 
Here, the tissue culture polystyrene dish was used as control material. The sample 
images were obtained using a phase contrast inverted light microscope (ECLIPSE 
TS100-F, Nikon, Japan) and then analyzed cell proliferation by NIS-Elements imaging 
software. The cell density on the cellulose hydrogel film was calculated from 2D images. 
The results presented herein were based on three independent experimental runs. The 
means and standard errors were calculated and comparisons between the hydrogel film 
and control were made by unpaired Student’s test with statistical significance set at p < 
0.05. 
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3.3 Results and discussion 
3.3.1 Trace lignin in the cellulose hydrogel films 
As mentioned in the purification process of sugarcane bagasse fibers to the cellulose, 
the color of cellulose fiber was changed as presented in Figure 3.1 from brown to white 
with bleaching. This was due to delignification caused by the NaOCl treatment. There 
was insignificant change in the color when the fibers were bleached. Figure 3.2A shows 
FT-IR spectra of the sugarcane bagasse and cellulose fibers purified at different 
treatment conditions. In the spectra of the bagasse fibers, the FT-IR bands 
corresponding to both cellulose and lignin were mainly observed. The reference sample 
for cellulose was cotton fiber purchased from Kawamoto Corporation, Japan. The broad 
absorption around 3400 cm
−1
 was assigned to OH stretching of cellulose and lignin. 
There were sharp peaks at 1730 and 1600 cm
−1
 associated with C=O stretching in 
unconjugated ketones, carbonyls and aromatic skeletal vibration of lignin. Also, the 
peak at 1515 cm
−1
 was assigned to aromatic skeletal vibration of lignin. The absorption 
at 1600 cm
−1
 was corresponding to adsorbed water in bagasse fibers. In the case of the 
purified cellulose fibers, there were FT-IR bands attributed to lignin disappeared by 
chemical treatment, but the peaks of cellulose was mainly observed in the spectra. As 
seen in Figure 3.2B for extension in 1400−1800 cm−1, presence of the peak shoulder at 
1735 cm
−1
 was considered C=O stretching of lignin as noted, this was slightly observed 
in the shorter NaOH treatment time. In addition, there was small peak at 1500 cm
−1
 for 
the assigned peak to the skeletal vibration of lignin. Therefore, this result suggested 
presence of the trace lignin in the treated cellulose fibers.  
Figure 3.3 shows UV-Vis spectra of the swollen cellulose hydrogel films with 
132−96 μm thickness. The absorption band in the range of 200 to 220 nm was attributed  
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Figure 3.1 Pictures of treated cellulose fibers at different conditions (bottom) and their 
cellulose solutions in LiCl/DMAc (top): (a) N12, (b) N1B40, (c) N6B40, and (d) 
N12B40. 
 
 
 
(a) (b) (c) (b)
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to the aromatic ring of lignin and the 280 nm was assigned to the phenolic structure of 
the free and etherified hydroxyl group. These spectra suggested presence of lignin in the 
hydrogel films. Also, there was absorption band of the N12 hydrogel in visible region 
near 380 nm. Therefore, the N12 hydrogel showed slight yellowish brown color. 
However, others were almost transparent in visible region. The lignin content was 
quantitatively determined by UV-Vis absorption band of lignin molecule at 240 nm in 
the swollen cellulose hydrogel films. As shown in Table 3.1, the amount of lignin was 
less than 1.7 %, indicating that most of lignin was removed by the chemical treatment 
for the N1B, N6B, and N12B. Furthermore, there was a tendency that the value of the 
lignin content was decreased depending on the NaOH treatment time. Lowest value of 
0.68 % in the hydrogel film was obtained, when the waste bagasse was purified with the 
NaOH solution for 12 h and then bleaching. 
Molecular weight distributions of the purified cellulose fibers were measured 
by using the SEC system as calibrated by polystyrene standards in the linear range. As 
shown in Figure 3.4, treated cellulose fibers of the N1B, N6B, and N12B showed 
similar molecular weight distribution, but wide distribution with peak tops in the range 
of 3.4×10
5−1.2×106. The N12 and N1B had two peaks which were major peak at high 
molecular weight region around 1×10
6
 and shoulder secondary peak around 1×10
5
. 
According to literatures, this secondary peak might be due to hemicelluloses or lignin 
fragments [24,25]. This secondary peak was lost by increased time of the NaOH 
treatment and bleaching. Furthermore, in the cases of the N1B, N6B, and N12B, 
although the peak top of plots slightly shifted toward low molecular weight region, 
these results indicated that the resultant cellulose fibers had almost similar molecular 
weight distribution with different lignin content. 
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Figure 3.4 Molecular weight distributions of the treated cellulose fibers (a) N12, (b) 
N1B, (c) N6B, and (d) N12B. 
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3.3.2 Properties of the cellulose hydrogel films containing trace lignin 
According to our previous procedure [13], cellulose in LiCl/DMAc was coagulated in 
the ethanol vapor atmosphere to obtain solid cellulose hydrogel films. After the phase 
inversion gelation process, several hydrogel properties were measured. As shown in the 
pictures inserted in Figure 3.3, the swollen hydrogel films were almost transparent. 
Table 3.1 lists properties of the swollen hydrogel films at room temperature. Water 
content of the hydrogel films was increased from 1153 to 1525 % with decrease of the 
lignin content. This suggested that the lignin in the trace contaminant interfered 
penetration of water into hydrogel matrix. This might be due to interference of 
interaction between water and cellulose by the presence of the trace lignin, because of 
hydrophobic nature of the lignin. As a result, the trace lignin in the hydrogel films 
influenced their hydrophilicity, even though the difference was small in the lignin 
content in each hydrogel film. To measure tensile strength of the cellulose hydrogel 
films, test pieces (40 × 10 × 0.3 mm
3
) were pulled toward long axis direction. As shown 
in Table 3.1, the value of tensile strength of the hydrogel films was decreased from 0.77 
to 0.43 N/mm
2
 depending on the NaOH treatment time and bleaching. In addition, the 
elongation was also reduced from 43.8 to 26.5 %, when the trace lignin was decreased. 
In the comparison with N12 and N1B, there was a little difference in the tensile strength 
and elongation of the hydrogel films. Similar tendency was seen in viscoelastic 
properties of the cellulose hydrogel films. Figure 3.5A shows storage (G’) and loss (G’’) 
elastic moduli of the hydrogel films. Here the strain of 1×10
−2
 to 10
2
 % was applied to 
hydrogel films at fixed frequency of 1 Hz at 25 °C. Within the linear viscoelastic (LVE) 
range, G’ and G’’ had less change in the range of 1×10−2 to 1 % strain [26]. In the LVE 
range, it was noted that G’ value of the N12 and N1B hydrogel film was larger than that  
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Figure 3.5 Relationship between (A) storage, loss elastic moduli (G’, G’’) of the 
cellulose hydrogel films vs. strain and (B) tanδ (=G’’/G’) in the range of 100 to 102 % 
strain. Measurement was carried out at 25 °C, frequency of 1 Hz. 
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of others. This meant that the elastic nature was high in these hydrogel films. In the 
cases of the N6B and N12B hydrogel films, insignificant difference was observed 
between them. Figure 3.5B shows relationship between strain sweep and tanδ which 
was defined as G’’/G’. In strongly cross-linked gel materials, the value of tanδ = 1 
means fracture of material or inability to follow deformation, since rigid polymer 
networks might not flow. The strain value of N12 hydrogel at tan δ = 1 was lower than 
the N1B and N6B, indicating rigid nature of the N12 hydrogel film. In the cases of other 
hydrogel films, strain value at tan δ = 1 was shifted toward lower strain region. 
Therefore, it was suggested that longer treatment time in the NaOH solution with 6 and 
12 h caused to decrease in their gel flexibility. Generally, lower molecular weight 
caused lower G’ because polymer interaction such as entanglement of polymer chain 
would be reduced. In comparison with N6B and N12B, the molecular weight of N6B 
obtained from SEC was slightly lower. However, the G’ values of these hydrogel films 
were almost same and larger deformation was observed in the N6B hydrogel film. As 
shown in Table 3.1, these phenomena were also seen in tensile strength and elongation 
of the hydrogel films. Wu et al. reported on composite films prepared from cellulose, 
starch, and lignin by coagulation from ionic liquid [27]. They indicated that the addition 
of lignin reinforced wet films, showing higher tensile strength and elongation. 
Especially in the hydrogel, swollen polymer network was already in strained state at 
swelling equilibrium. Therefore, further strain caused breakage of polymer chain 
resulting in rupture of hydrogel [28]. In the present work for the N12 and N1B hydrogel 
films having higher lignin content, comparatively hydrophobic cellulose fibers in the 
matrix less expanded at the swelling equilibrium in water. Therefore, they could 
withstand larger deformation. Consequently, lignin in the hydrogel films strengthened 
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their mechanical properties. 
 
3.3.3 Cytocompatibility of the cellulose hydrogel films containing trace lignin 
As already reported, cellulose hydrogel has excellent cytocompatibility for fibroblast 
cells [13,15]. However, the detail was little known for cellulosic hydrogels. To 
investigate the influence of trace lignin on the cytocompatibility of the resultant 
hydrogel films, fibroblast cells were cultured on their surfaces. Figure 3.6 shows phase 
contrast microscope images of the cells cultured on reference polystyrene dish (PS) and 
the cellulose hydrogel films. As shown in Figure 3.6 (a−d) for 6 h culturing, remarkable 
difference was observed in initial cell adhesion. In the case of the N12 hydrogel film, 
the cells were well adhering to extend on the hydrogel surface. As well as the N12 
hydrogel film, well adhered cells on the scaffold were obtained in the PS dish. In 
contrast, pictures of the N1B and N12B showed round shaped cells on their surfaces. 
This meant the N12 hydrogel film provided better environment for initial cell adhesion. 
At 48 h, the cells on the hydrogel films grew and well adhered on the scaffold surface, 
when the culture time was increased (Figure 3.6 e−h). Interestingly, the cells on the N12 
hydrogel film reached partially confluent and formed mono layer at 72 h, as shown in 
Figure 3.6 (i). However, less dense cells were observed in the N1B and N12B hydrogel 
films. Figure 3.7 represents cell density counted on the cellulose hydrogel films. The 
cell numbers on the films were counted and converted to cell density (cells/cm
2
). With 
increase of the culture time from 6 to 72 h, the cell density was gradually increased. 
Especially at 72 h, the cell density of the N12 hydrogel film reaching 6 × 10
4
 cell/cm
2 
was higher than that of PS dish. This meant that better cytocompatibility was obtained 
in the N12 hydrogel film. Actually in Figure 3.6(i), the density of the cultured cells was  
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Figure 3.7 Cell densities on the cellulose hydrogel films containing different lignin 
content as function of culture time. An asterisk indicates statistically significant 
difference (p<0.05). Mean±SEM. 
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dense on the scaffold. On the other hand, when sugarcane bagasse was bleached after 
the NaOH treatment, those cellulose hydrogel films showed less values of the cell 
density on the surfaces of the N1B, N6B, and N12B in Figure 3.6 (j−l).  
To reveal these differences in the cell culture, protein adsorption on the 
cellulose hydrogel was evaluated, as shown in Table 3.2. Adsorption amounts of protein 
on material surface is one of the responsible factors to determine cell adhesion behavior, 
since the cell adhesion is influenced as a first stage of the interaction between cell and 
material surface [29]. In the adsorption amounts of FBS and BSA on the cellulose 
hydrogel films, relatively hydrophobic hydrogels containing higher lignin residue 
absorbed higher amount of proteins. This result was consistent with a report that 
revealed general trend of increased adsorption of protein such as albumin and fibrinogen, 
with decrease of hydrophilicity [30]. Adsorption amount of BSA on the N1B, N6B and 
N12B hydrogels was almost same value with FBS. However, the adsorbed amount of 
BSA on the N12 hydrogel film was lower than FBS. This result indicated that the N12 
could easily adsorb fibrinogen and fibronectin, which were contained in FBS and 
 
Table 3.2 Adsorption amounts of fetal bovine serum (FBS) and bovine serum albumin 
(BSA) on the cellulose hydrogel films. 
Sample 
Protein adsorption (μg/cm2) 
FBS BSA 
N12 103±18 83±12 
N1B 108±11 113±8 
N6B 63±3 76±5 
N12B 73±4 77±7 
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known to be cell-adhesive proteins. Therefore, it was suggested that the trace lignin 
could enhance cell adhesion in the first step of the fibroblast cell culture and then 
growth on the N12 hydrogel film. 
 In Figure 3.8, SPM observation was depicted for the cellulose hydrogel films in 
wet condition. Our previous results indicated that cellulose aggregation in cellulose 
hydrogel films was also important factor on cell adhesion [15]. As shown in Figure 3.8a, 
SPM image of the N12 hydrogel film showed fine cellulose fiber network with diameter 
of approximately 20 to 30 nm. When sugarcane bagasse was bleached with NaOCl, the 
cellulose fibers seemed to be degraded by strong treatment and aggregated with rough 
fiber network. As shown in Figure 3.9, X-ray diffraction pattern of the dried hydrogel 
films suggested that the patterns exhibited typical less crystalline. However, it was seen 
that the peak height at 20° in the N12 hydrogel film was somewhat sharp. This might be 
contributed in the dense cellulose networks as shown in Figure 3.8 (a). In Figure 3.8 (e−
h) at scanning are with 10 × 10 μm2, there was noteworthy difference in surface 
morphology of the hydrogel films. In the case of the N1B and N6B, the hydrogel 
formed relatively homogeneous surface observed by SPM. On the other hand, the 
surface of the N12 showed uneven pattern with 2 μm width. Similar observation was 
also obtained in the N12B (Figure 3.8h). It is known that cell recognize surface 
morphology through integrin receptor by adhesion to adsorbed protein [31]. Regarding 
influence of surface morphology, it was reported that different cellulose fiber structure 
of bacterial cellulose sheet affected adhered cells including fibroblast [32]. In this study, 
porous surface of the bacterial cellulose facilitated cell growth and proliferation, when it 
was compared with relatively flat and compact surface. Therefore, it was considered 
that such surface morphological change of the cellulose hydrogel films also  
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influenced on cell culture. Actually, in the case of the hydrogel films prepared from 
bleached cellulose fibers, the N12B showed higher cell density in Figure 3.7, despite the 
lower protein adsorption. This might be due to relatively uneven surface as well as that 
of the N12 hydrogel films. Therefore, both higher protein adsorption amount and 
surface morphology of the N12 enhanced fibroblast cell adhesion and proliferation. As a 
result, the N12 exhibited higher cell density than other hydrogels. 
 
3.4 Conclusion 
Cellulose fibers were chemically purified by different NaOH treatment condition and 
then NaOCl. Through these processes, lignin content of the resultant cellulose hydrogel 
films was varied from 1.62 to 0.68% depending on the condition. These small amounts 
of lignin in the regenerated cellulose hydrogel films greatly affected their hydrophilic 
property. In addition, higher lignin content exhibited higher mechanical property, 
especially in their elongation of the hydrogel films. These results suggested that 
hydrogel property was greatly depended on the remaining lignin, even though the 
difference in the content was less. Furthermore, the hydrogel films with different lignin 
content showed acceptable cytocompatibility for the fibroblast cells especially in the 
hydrogel film containing 1.62 % lignin. Consequently, it was suggested that the trace 
lignin had a less cytotoxicity to the fibroblast cell. 
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Chapter 4 
 
Biocompatibility evaluation of cellulose hydrogel film 
regenerated from sugarcane bagasse waste and its in vivo 
behavior in mice 
 
ABSTRACT: Sugarcane bagasse waste sourced from Okinawa, Japan, was regenerated into 
transparent and flexible cellulose hydrogel film. The biocompatibility of the hydrogel films 
was evaluated by in vivo test with mice. Cellulose fibers purified from sugarcane baggase 
were dissolved in lithium chloride/N,N-dimethylacetamide (LiCl/DMAc), and physically 
cross-linked cellulose fibers could change into hydrogel film by a phase inversion process of 
the cellulose solution under ethanol vapor. To evaluate biocompatibility, cellulose hydrogel 
films were implanted in the intraperitoneal of mice for 4 weeks. The results showed small 
influence of the implanted hydrogel films on growth of mice. It was seen that no 
inflammation reaction in the intraperitoneal was observed by post-mortem examination. 
Furthermore, the molecular weight of cellulose was somewhat decreased from 5.7×10
5
 to 
3.9×10
5
 in 3−4 weeks, meaning that the cellulose segments were biodegradable. However, 
viscoelastic measurement revealed that the hydrogel films kept their mechanical strength in 
the living body. Consequently, the cellulose hydrogel films regenerated from sugarcane 
baggsse waste showed not only acceptable biocompatibility but also durability in the body. 
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4.1 Introduction 
Hydrogels composed of three-dimensional networks of hydrophilic polymer have high 
affinity for water. The hydrophilic segments of the hydrogel can absorb a large amount 
of water among the polymer chains but are insoluble in water due to their chemically or 
physically cross-linked networks. Hydrogels are a favorable candidate for biological 
application and biocompatible materials, because of the high water content and softness 
of hydrogels which are similar to the environment of natural tissues [1,2]. For this 
reason, researchers have devoted much energy to develop novel hydrogels for biological 
and biomedical application including tissue engineering, drug delivery, and 
bionanotechnology [3,4]. It is known that hydrogels are classified into two general 
groups, synthetic and natural polymer hydrogels. Synthetic polymer hydrogels can be 
generated from poly(2-hydroxyethyl methacrylate)[5], poly(ethylene glycol)[6], and 
poly(vinyl alcohol) [7]. These polymers have good mechanical strength, and 
reproducibility and their structures are readily controllable. However, it has been hard to 
provide ideal biocompatibility as implantable or injectable materials [8,9]. One strategy 
in improving biocompatibility is to employ natural polymers such as collagen [10], 
hyaluronic acid [11], alginate [12] and chitosan [13] for the development of hydrogels. 
Among them, cellulose is also one of a naturally occurring polymer consisting of 
β-glucose and most abundant material in nature [14]. The biocompatibility of cellulose 
and its derivatives is well established [15]. Films and tubes manufactured from cellulose 
have historically been used in the treatment of renal failure [16]. More recently, 
nonwoven cellulose fabrics were utilized as a scaffold for chondrocyte [17]. Vinatier et 
al. studied silanized hydroxypropyl methylcellulose hydrogel containing nasal 
chondrocytes for articular cartilage defect and injecting this material into rabbits [18]. 
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Bacterial cellulose is also native cellulose hydrogel produced by certain bacterial 
species and is a strong candidate for medical devices [19]. As just described above, 
cellulose and its derivatives have been employed to produce hydrogels for biomedical 
application. However, still very limited works have been performed by using native 
cellulose for the preparation of hydrogels. This is due to the poor solubility of cellulose 
in common solvents. To dissolve cellulose, solvent systems such as lithium chloride 
(LiCl)/N,N-dimethylacetamide (DMAc), N-methylmorpholine-N-oxide, ionic liquids, 
and an alkaline/urea aqueous system have been developed, providing great opportunities 
for the preparation of cellulose hydrogels. As reported, cellulose based materials are 
advanced and their hydrogel, films, and fibers have been widely explored for 
biomedical application. Among them, cellulose hydrogel films prepared from 
LiCl/DMAc in ethanol vapor have excellent mechanical properties and high 
cytocompatibility. To compare several solvent series for the phase inversion process, our 
previous study reported three cellulose dissolution methods: sodium hydroxide 
(NaOH)-based aqueous, NaOH/urea, and LiCl/DMAc [20]. NaOH-based aqueous 
solvents have an environmental benefit because of their aqueous system. However, 
when NaOH based solvents were employed to prepare cellulose hydrogel from bamboo 
fibers, the resultant hydrogel showed poor mechanical properties such as lower tensile 
strength and elongation in comparison with LiCl/DMAc. It was suggested that the 
reasons were due to limited dissolution of the cellulose with high molecular weight 
(Mη>10
4
) and degradation of cellulose molecules [21,22]. Although the LiCl/DMAc 
solvent system has a weakness in activation process of cellulose, it can dissolve high 
molecular weight cellulose without or with negligible degradation. In addition, the cost 
performance is superior to that of ionic liquid which has attracted much attention as a 
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promising solvent for cellulose processing due to a simple dissolution process, 
nonvolatility and lower flammability. However, there are still a few reports in the 
LiCl/DMAc system for cellulose hydrogel regenerated from waste biomass, especially 
in biocompatible materials. 
 In the present study, cellulose hydrogel films were prepared from sugarcane 
bagasse waste sourced from Okinwa, Japan. Here, the sugarcane bagasse is a fibrous 
waste residue produced in sugar extraction process. As one of the largest agro-industrial 
byproducts, at the present time, it is utilized as manure, feedstock and fuels of the boiler 
in the sugar industry, while a large amount of bagasse still continues to be an 
environmental problem [23]. The sugarcane bagsse could be utilized as a cellulosic 
resource because of its high cellulose content (40−50%) [24]. In terms of increasing 
environmental concerns related to sustainability, it is worth studying utilization of waste 
biomass for the fabrication of hydrogels as an alternative resource. Our group has been 
investigating cellulose hydrogels prepared from various biomasses including agave 
bagasse and bamboo fibers, aiming for a scaffold for a fibroblast culture [20,25]. These 
cellulose hydrogels showed high cytocompatibility and facilitated cell propagation. 
According to our previous reports, cellulose fibers were purified from sugarcane 
bagasse by chemical treatment of sulfuric acid, sodium hydroxide, and sodium 
hypochlorite. Transparent and strong cellulose hydrogel was obtained when a cellulose 
solution of LiCl/DMAc was coagulated under vapor atmosphere of ethanol by phase 
inversion from liquid to solid. It was highly cross-linked by strong hydrogen bonds of a 
hydroxyl group in the cellulose without additional chemical cross-linking. Therefore, 
the cellulose hydrogel film seems to be nontoxic because of absence of the released 
chemicals from the gel matrix [9,26] since whole body of the cellulose hydrogel films is 
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composed of natural products. However, there has been no report on biocompatibility of 
the cellulose hydrogel films derived from waste biomass. In this article, we focused on 
in vivo biocompatibility of the sugarcane cellulose hydrogel films to implant in mice. As 
implantable material, physical and chemical changes in the hydrogel films before and 
after implantation were studied. To the best of our knowledge, this would be a first 
report on an evaluation of in vivo biocompatibility for such hydrogel derived from 
cellulosic sugarcane bagasse waste. 
 
4.2 Experimental section 
4.2.1 Materials 
Sugarcane bagasse was obtained from a local sugar factory (Okinawa, Japan). Sulfuric 
acid (H2SO4), sodium hydroxide (NaOH), sodium hypochrolite (NaOCl), 
N,N-dimethylacetamide (DMAc), lithium chloride (LiCl), ethanol (EtOH), and sodium 
dodecyl sulfate (SDS) were purchased from Nacalai Tesque, Inc. (Tokyo, Japan). DMAc 
was stored with potassium hydroxide for over 3 days and LiCl was dried at 80 °C in the 
vacuum oven before using. Bicinchonic acid (BCA) kit, fetal bovine serum (FBS), and 
bovine serum albumin (BSA) were purchased from Sigma-Aldrich, Japan. Purified 
bovine fibrinogen was obtained from HYPHEN BioMed. Phosphate buffered saline 
(PBS, DS Pharma Biomedical Co., Ltd.) was used as received. Polystyrene standards 
for calibration of size exclusion chromatography were obtained from Tosoh Corp., 
Japan. Dulbecco’s modified eagle medium (DMEM), penicillin streptomycin was 
purchased from Gibco. NIH 3T3 mouse embryonic fibroblast cells were obtained from 
BioResource Center, Japan. 
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4.2.2 Preparation of cellulose hydrogel films from sugarcane bagasse 
Cellulose fibers were purified from the sugarcane bagasse by following a similar 
process to our previous report for Agave tequilana bagasse [25,27]. Prior to chemical 
treatments of H2SO4, NaOH, and NaOCl, the sugarcane baggase was well washed five 
times with hot water (80 °C), in order to remove the remaining sugar and then dried in 
an oven at 50 °C. In the first step, 10 g of the sugarcane baggase was stirred in 300 mL 
of 4 vol% sulfuric acid aqueous solution for 1.5 h at 80 °C and then stirred in 300 mL of 
10 wt% NaOH aqueous solution for 1 h at 80 °C. Then, the baggase fibers were 
bleached in 300 mL of 10 vol% NaOCl for 3 h at 30 °C to remove lignin component. In 
each step, bagasse fibers were washed with distilled water until neutral pH. Finally, the 
cellulose fibers were dried in a vacuum oven at room temperature. 
 In the preparation of cellulose solution, the cellulose fibers were dissolved in 
LiCl/DMAc solution. In the dissolution process, the obtained cellulose fibers (1 g) were 
stirred in distilled water (200 mL) at room temperature for 24 h. This process made the 
cellulose fibers swell. After filtration, the swelled fibers were stirred in EtOH and 
subsequently in DMAc at room temperature for 24 h [28]. At the solvent exchanges, the 
cellulose fibers could not dissolve. Both dehydrated 93 g of DMAc and 6 g of LiCl were 
added, when the cellulose fibers were dissolved. The solution was stirred at room 
temperature for 1 day or more. The resultant viscous solution was centrifuged at 9000 
rpm for 20 min to remove the insoluble portion. Eventually, 1 wt% cellulose in 
LiCl/DMAc containing 6 wt% LiCl was obtained. 
 To prepare cellulose hydrogel films, 10 g of cellulose solution was poured into 
Petri dish with 91 mm diameter and kept at room temperature for 24 h in a plastic 
container (120×120×60 mm
3
) where 40 mL of EtOH and vapor were filled. With time, 
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coagulation of cellulose gradually progressed and finally cellulose hydrogel film was 
obtained in the petri dish because of phase inversion of the cellulose from liquid to solid 
gel [29]. The resultant film was washed with excess water and then placed in distilled 
water for 24 h to remove DMAc and LiCl. The obtained hydrogel films were kept in 
plastic container filled with distilled water until further experiments. 
 
4.2.3 Evaluation of biocompatibility by in vivo test with mice 
Biocompatibility evaluation was performed by implantation of cellulose hydrogel film 
in the intraperitoneal of mouse. Female ICR mice at 4 weeks of age (Kyudo co., Ltd., 
Japan) were used in the in vivo experiment. All procedures involving use of animals 
were approved by Local Animal Ethics Committee at Okinawa National College of 
Technology. Before in vivo experiments, cellulose hydrogels films (10×10 mm
2
) with 
0.75 to 1.3 mm thickness were sterilized by 70 % alcohol and then immersed in PBS 
solution for complete solvent exchange. Ten mice were randomly divided into 4 
treatment groups in which implantation of the hydrogel films was carried out, and one 
group as a control. The mice were anesthetized by using isoflurane (Mylan seiyaku co., 
Ltd.) and then a surgical incision was made in the wall of abdomen. After that, a piece 
of cellulose hydrogel films swelled with PBS was placed in the intraperitoneal of each 
mouse. The control group was also given surgery but without implantation of the 
hydrogel film. The influences of the implanted cellulose hydrogel film on living body 
were examined by monitoring intakes of food and water for 4 weeks after implantation. 
Average value of these data for 1 week was calculated in each intake amount and 
plotted against time. Comparison between the treatment group and control group was 
made by a Mann−Whitney test with significant difference set at p < 0.05. Also, change 
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of body weight was similarly monitored for 4 weeks. After their observations, the mice 
were sequentially sacrificed by cervical dislocation at 1, 2, 3, and 4 weeks after 
implantation of the hydrogel films. Then, the existence of inflammation in the 
intraperitoneal was examined by post-mortem examination to check rejection reaction. 
In addition, the implanted cellulose hydrogel films were removed and then used for 
physical and chemical characterization. The investigations before and after implantation 
were taken place in each hydrogel film. 
 
4.2.4 Measurements of properties of the sugarcane cellulose hydrogel films before 
and after implantation 
To evaluate physical and chemical properties of the implanted cellulose hydrogels, 
various measurements were carried out. Size exclusion chromatography (SEC) was 
performed based on reported method to determine molecular weight distribution of 
cellulose before and after implantation.[30] The SEC system was consisted of an online 
degasser (DGU-20A, Shimadzu, Japan), high-pressure pump (LC-20AD, Shimadzu), 
manual injector (7725i, Rheodyne), SEC column (KD-806M, Shodex), and refractive 
index (RI) detector (RID-10A, Shimadzu). The chromatogram was recorded by 
Chromatpac integrator (C-R8A, Shimadzu). The column temperature and the RI 
detector cell were kept at 50 and 40 °C, respectively. As eluent, 1 g of LiCl/100 mLL of 
DMAc solution was used. The SEC system was calibrated with narrow distribution 
polystyrene standards. The cellulose hydrogel films before and after implantations were 
redissolved in 8 % LiCl/DMAc and then diluted to a 1 % LiCl/DMAc to be 
concentration of 1 mg/mL. Before injection, sample solutions were filtered using a 
PTFE disposable membrane filter with 0.45 μm pore size. The injection volume was 
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100 μL. Viscoelasticity of swelled cellulose hydrogel film was measured by rheometer 
(Physica MCR301, Anton Paar) equipped with parallel plate (10 mm diameter) at 37 °C. 
Here, the relationship between storage elastic modulus (G’), loss elastic modulus (G’’), 
and strain was measured through sweep of strain value from 0.01 to 100 % at frequency 
of 1 Hz. For measurement of PBS content, the hydrogel films were dried in a vacuum 
oven for 24 h and weighed. Then, they were swollen in PBS solution for 24 hours and 
the weight of wet samples was measured. The PBS content of hydrogel film was 
calculated by following equation: PBS content = ((Ws − Wd)/Wd) × 100, where Ws was 
weight of swollen sample and Wd is weight of dried sample. Furthermore, FT-IR spectra 
of hydrogel films were recorded by using FT-IR spectrophotometer (IR-prestige 21, 
Shimadzu, Japan), as the potassium bromide (KBr) tablet method was applied with 8 
cm
−1
 resolution and 16 scans in the range of 500 to 4000 cm
−1
. Quantitative protein 
adsorption in PBS was evaluated by bicinchonic acid assay [27]. Here, 1 mg/mL of fetal 
bovine serum (FBS), 100 μg/mL of bov6i4ne serum albumin (BSA), and fibrinogen 
were used. Prior to the protein adsorption test, the hydrogel films were immersed in 
PBS for 24 h and then cut into 5×5 mm
2
 pieces. These samples were put in 1 mL of PBS 
containing known protein concentration for 1 h at 37 °C. Subsequently, sample pieces 
were washed with PBS 3 times. Absorbed proteins on the hydrogel film were removed 
by 2 mL of 2 wt% sodium dodecyl sulfate (SDS) aqueous solution in a shaking bath at 
room temperature. The amount of absorbed proteins was calculated from the 
concentration of proteins in the SDS aqueous solution which was determined by 
UV−vis absorption at 562 nm. Four pieces of hydrogel films were used and then the 
average value was calculated. 
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4.2.5 Cytocompatibility evaluation of the sugarcane cellulose hydrogel film 
NIH 3T3 mouse embryonic fibroblast cells were used to evaluate the cytocompatibility 
of sugarcane cellulose hydrogel film according to our previous report [25]. The 
hydrogel films were cut into 30 mm in diameter and then sterilized twice in 50 and 
70 % aqueous ethanol solution for 30 min each treatment. Sterilized hydrogel films 
were immersed in PBS for 24 h. After that, these were placed in polystyrene Petri dish 
(32 mm diameter) and then immersed in Dulbecco’s modified eagle medium (DMEM) 
for 2 h before cell seeding. Fibroblast cells were seeded on the hydrogel films to be cell 
density of 8×10
3
 cells/cm
2
 and cultured at 37 °C in humid air with 5 % CO2. The culture 
medium was DMEM supplemented with 10 % FBS and 1 % penicillin/streptomycin. 
Here, tissue culture polystyrene dish was used as control material. The sample images 
were obtained using a phase contrast inverted light microscope (ECLIPSE TS100-F, 
Nikon, Japan) and then analyzed cell elongation by NIS-Elements imaging software. 
The cell density on the cellulose hydrogel film was calculated from 2D images. The 
results presented herein were based on three independent experimental runs. The means 
and standard errors were calculated and comparisons between the hydrogel film and 
control were made by unpaired Student’s test with statistical significance set at p < 0.05. 
 
4.3 Results and discussion 
4.3.1 Biocompatibility of the sugarcane cellulose hydrogel film 
The sugarcane bagasse was regenerated into the transparent and flexible cellulose 
hydrogel film without any chemical cross-linking, as shown in Figure 4.1. This was due 
to inversion of cellulose solution from liquid state to solid gel in the coagulation process. 
The resultant hydrogel films were implanted in the intraperitoneal of mice and then  
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Figure 4.1 Schematic illustration of biocompatibility evaluation of cellulose hydrogel 
film. (a) Sugarcane bagasse was used as cellulose resource. (b) Cellulose hydrogel film 
prepared by phase inversion of cellulose solution in LiCl/DMAc. 
 
 
biocompatibility was evaluated through monitoring food intake, water intake, and body 
weight change. As a result, the implantation of cellulose hydrogel films did not cause 
any deaths in treatment group during implantation for 4 weeks. Figure 4.2 shows 
changes in the food and water intakes of treatment and control group for 4 weeks after 
implantation. Although significant differences were observed in comparison with the 
control group, there were insignificant decreases or increases of the food and water 
intakes in the same treatment group. As shown in Figure 4.3, body weight of the mice 
was gradually increased after implantation. Also, a slight decrease was observed just 
after surgery in two groups due to the trauma of surgery. However, all mice showed 
similar growth to the control group in the weight incensement pattern during 4 weeks 
implantation period. Here, it is known that body weight loss of rodent more than 10−
20 % is indicative of toxicity [31]. Thus, it was indicated that the influence of implanted 
cellulose hydrogel film was small in the present cases. Also, post-mortem examination  
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Figure 4.3 Body weight changes following sugarcane cellulose hydrogel film 
implantation. Each bar indicates a group implanted hydrogel film for different period or 
control. Weight loss of more than 20% body weight would indicate toxicity. 
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of the mice at every week revealed that there were no signs of internal inflammation and 
injury at the places where the hydrogels films were implanted (Figure 4.4). The 
inflammatory reaction is one of the biological responses induced by tissue injury and 
the continuous presence of the low biocompatible material in the body [32]. Therefore, 
these data indicated that the cellulose hydrogel exhibited no toxicity over a period of 4 
weeks. As a result, it was revealed that the regenerated sugarcane cellulose hydrogel 
film demonstrated excellent biocompatibility. 
 
4.3.2 In vivo degradation of the sugarcane cellulose hydrogel film 
After implanted cellulose hydrogel films were removed from intraperitoneal , the 
investigation of physical and chemical properties was carried out for each of the 
hydrogels. Here, the implanted cellulose hydrogel films for 1 to 4 weeks were used. As 
shown in Figure 4.5, cellulose hydrogel films were investigated by using SEC for in 
vivo degradation. The cellulose purified from sugarcane bagasse had a broad molecular 
weight distribution centered at about 5.7×10
5
. Interestingly, the peak top of the 
chromatogram was shifted toward a lower molecular weight region from 5.7×10
5
 of the 
control to 3.9×10
5
 of implanted hydrogel film in this experimental period. It should be 
noted that a certain level of degradation was observed in the intraperitoneal of mouse, 
because cellulose is known to be nonbiodegradable in animal and human tissues. 
Although cellulose degradation occurred by hydrolysis, it was considered to be limited 
in vivo due to high degree of crystallinity, low solubility and lack of cellulase that can 
break β(1−4) linkage of cellulose [33]. Helenius et al. investigated the biocompatibility 
of bacterial cellulose which was implanted subcutaneously in rats for 12 weeks [34]. 
They observed no evidence of in vivo degradation. On the other hand, according to  
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Figure 4.5 Molecular weight distributions of sugarcane cellulose hydrogel films 
evaluated by size exclusion chromatography, (a) control gel (dashed line), (b) 3 weeks 
and (c) 4 weeks after implantation. 
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long-term study by Martson et al., it was reported that a slow degradation of cellulose 
sponge was observed in the rat subcutaneous tissue in the period of 60 weeks 
implantation [35]. However, these cellulose materials were completely different in the 
morphology, shape, and implant site in comparison with the cellulose hydrogel in the 
present study. There are some difficulties to compare these materials simply; however, 
these data indicated clear behavior of the degradation in the cellulose hydrogel film 
regenerated from sugarcane bagasse. It might be considered that the degradation of the 
cellulose hydrogel was probably due to less crystalinity of the hydrogels including high 
water content. Also, the nonenzymatic hydrolysis in the present case might be 
considered because of the absence of hydrolytic enzyme for cellulose [35]. Miyamoto et 
al. reported that viscose rayon fibers with 8 % cellulose crystallinity showed about 50 % 
absorption by living tissue after 4 weeks [36]. Generally, regeneration of cellulose 
reduces its crystallinity [37]. Therefore, lower crystallinity and a well swollen hydrogel 
seem to promote accessibility of hydrolytic species to β(1−4) linkage of cellulose, 
resulting in a decrease of the cellulose molecular weight. 
 
4.3.3 Evaluation of the implanted sugarcane cellulose hydrogel films 
Figure 4.6 represents viscoelastic behavior of the swelled cellulose hydrogel films 
showing G’ and G’’ plots against strain at constant frequency of 1 Hz. Generally, 
structural strength of the hydrogel is expressed by the G’ value within the linear 
viscoelastic range from 0.01 to 1 % strain. The G’ values of the implanted hydrogel 
films for 2 and 4 weeks were 5.0×10
4
 and 7.2×10
4
 Pa and there was insignificant change 
in comparison with the control hydrogel film which showed G’ value of the 5.8×104 Pa. 
In the case of strongly cross-linked gel material, the crossover point of G’ and G’’  
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Figure 4.6 Viscoelastic behaviors of sugarcane cellulose hydrogel films before and after 
implantation. Storage elastic (G’) and loss elastic (G’’) moduli against strain varied 
from 10
−2
 to 10
2 
were measured at fixed frequency of 1 Hz, 37 °C. 1W, 2W, 3W, and 
4W indicate period of implantation from 1 to 4 weeks, respectively. 
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means a fracture of material or inability to follow deformation, since a rigid polymer 
network may not flow. In terms of change in crossover point of the G’ and G’’ at 1 and 2 
weeks implanted hydrogel films and the control kept their structure until 10% strain. 
This meant that there was no change in the flexibility of the hydrogel film. On the other 
hand, crossover points of hydrogel films implanted for 3 and 4 weeks were shifted 
toward a lower strain of 7 %. Thus, these data suggested that hydrogel films kept their 
strength but flexibility of films decreased when the implantation period was more than 3 
weeks. Also, the G’ value of the hydrogel film implanted for 2 weeks showed a 
relatively drastic decrease from 1 % strain comparing with the others. These differences 
could be due to adhered substances on the hydrogel films. In our previous study for the 
cellulose hydrogel films prepared from LiCl/DMAc solution, viscoelastic measurement 
confirmed excellent mechanical properties and flexibility [25]. There was a tendency 
that the hydrogel films having G’ = 6×105 Pa and G’ = 1.5×106 Pa had tensile strength 
of 50 N/mm
2 
and 66 N/mm
2
, respectively. This meant that viscoelastic data of the 
hydrogel films well corresponded to the mechanical properties. In addition, as 
mentioned above, the crossover point of G’ and G’’ means fracture of the hydrogel films. 
This indicates the film deformation at the strain value and relates to the flexibility of the 
films. Therefore, the evaluation of the implanted hydrogel films was carried out. 
As shown in Figure 4.7, the removed cellulose hydrogel films became clouded 
in contrast with the transparent control hydrogel. This could be due to the adsorption of 
proteins to the film body. To investigate furthermore the implanted cellulose hydrogel 
films, FT-IR spectroscopy was performed. Figure 4.7 also shows FT-IR spectra of the 
cellulose hydrogel films before and after implantation. In the case of control, the broad 
absorption peak at 3400 cm
−1
 was attributed to O−H stretching and the peak at 2900  
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Figure 4.7 FT-IR spectra (left) and pictures of sugarcane cellulose hydrogel films (right) 
before (a) and after implantation (b) 1 week, (c) 2 weeks, (d) 3 weeks, and (e) 4 weeks. 
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cm
−1 
was attributed to C−H stretching band. The absorption at 1640 cm−1 was due to the 
bending mode of adsorbed water molecules [38]. The absorption of C−H and O−H 
bending appeared in the region from 1420 to 1261 cm
−1
 and peak at 1161 cm
−1
 was 
assigned to C−O asymmetric bridge stretching. A strong peak around 1069 cm−1 was 
assigned to C−O−C pyranose ring vibration [39]. It was reported that the absorption 
band of β-glycosidic linkages between glucose units in cellulose was observed at 898 
cm
−1
. These absorption peaks were indicative of typical IR spectrum of cellulose. 
Moreover, there were no absorption peaks of lignin which are generally observed at 
around 1700 cm
−1
 from unconjugated ketone or carbonyl stretching, 1600 and 1500 
cm
−1
 from aromatic skeleton vibrations [40]. Thus, it was suggested that most of lignin 
in sugarcane bagasse was removed by purification. In the IR absorption spectra of 
implanted cellulose hydrogel films, it should be noted that several extra peaks appeared 
at 3200, 2850, 1730, and 1540 cm
−1
. The absorption peaks at 2850 and 1730 cm
−1
 
corresponded to symmetric −CH2− stretching vibration of long alkyl chain and ester 
C=O stretching band mainly observed in lipid [41]. The peak at around 3200 and 1540 
cm
−1
 were assigned to N−H stretching and amide II (mainly N−H bending) of the 
protein, while absorption of amide I (mainly C=O stretching) overlapped with the 
absorption of adsorbed water molecules at 1650 cm
−1
 in the cellulose [42]. These results 
suggested the possibility that the lipid and protein were adsorbed to the matrix of the 
cellulose hydrogel film during the implantation in the intraperitoneal of the mice. Also, 
the increased peak intensity around 3200 cm
−1
 indicated that the amount of absorbed 
substances increased as implantation time proceeded. As shown in Table 4.1, despite the 
degradation of cellulose and adsorption of biological substances, the PBS content of 
implanted hydrogel films was around 300 %, and there was no obvious difference 
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Table 4.1 PBS content of sugarcane cellulose hydrogel films after implantation. 
Sample 1 week 2 weeks 3 weeks 4 weeks Control 
PBS content (%) 189.3 313.9 341.3 299.5 318.0 
 
 
comparing with control except hydrogel film implanted for 1 week. 
 
4.3.4 Protein adsorption to the sugarcane cellulose hydrogel film 
It is believed that nonspecific protein adsorption is first step to the material surface from 
tissue fluid for foreign body reaction [43]. In this regard, adsorption of fibrinogen is 
known to be primarily responsible for the accumulation of phagocytes on the implant 
material [44]. Therefore, as shown in Figure 4.8, adsorption of proteins in fetal bovine 
serum (FBS), bovine serum albumin (BSA) and fibrinogen to the hydrogel film was 
evaluated by bicinchoninic acid assay. The adsorption amount of FBS to the cellulose 
hydrogel film was 69 μg/cm2 and fibrinogen showed less amount of adsorption 
comparing to BSA. It was considered that higher adsorbed albumin to the hydrogel film 
restricted adsorption of fibrinogen and then inflammation could be reduced. In addition, 
a change in viscoelastic behavior was induced possibly by adsorbed proteins to the 
hydrogel film matrix. 
 
4.3.5 Cytocompatibility evaluation of the sugarcane cellulose hydrogel film 
To evaluate cytotoxic property of the sugarcane cellulose hydrogel films, fibroblast cells 
were cultivated. It is known that the fibroblast cell is the most common type of cell  
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Figure 4.8 Adsorption of fetal bovine serum (FBS), bovine serum albumin (BSA) and 
fibrinogen (Fgn) on the sugarcane cellulose hydrogel film. Mean ± SEM. 
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found in connective tissue, because it can synthesizes collagen, which maintains 
extracellular matrix in animal tissue. Thus, it is important to evaluate fibroblast 
compatibility of the hydrogel film. After fibroblast cell seeding on the hydrogel films, 
phase contrast light microscope images were taken at 6, 24, and 48 h. Figure 4.9 (left 
side) shows cell density of the fibroblast cells on the hydrogel film. The cell numbers on 
the sample were counted and converted to cell density (cells/cm
2
). Then the amounts of 
the cells on tissue culture polystyrene dish used as control material and the hydrogel 
film were compared. There was a tendency that the cell density gradually increased with 
culture time. At 48 h, cell density of the hydrogel film reached 2.6×10
4
 cells/cm
2
 which 
was close value to 3.2×10
4
 cells/cm
2
 of control. This result indicated that the sugarcane 
cellulose hydrogel film provided similar cytocompatibility to control dish. As shown in 
the cell morphology in Figure 4.9 (right side), fibroblast cells showed elongated or 
spider-like shape. They well adhered and grew on the surface of the hydrogel film as 
well as on the polystyrene dish. Thus, it can be said that the sugarcane hydrogel films 
had an acceptable cytocompatilbity. 
 
4.4 Conclusion 
This article described the biocompatibility of cellulose hydrogel film derived from 
sugarcane bagasse waste and its property changes before and after implantation. The 
results of in vivo biocompatibility evaluation with mice indicated that the implantation 
of the hydrogel film insignificantly affected the growth pattern of mice. In addition, 
there was no evidence of severe inflammation in the implantation sight. SEC 
measurement showed a certain degree of decrease in the molecular weight of cellulose 
in the intraperitoneal of mice. However, the cellulose hydrogel films kept their  
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mechanical strength during the implantation period. In conclusion, this is first paper 
described that cellulose hydrogel film exhibited acceptable biocompatibility and 
durability in living body. This also demonstrated an utilization of waste biomass like 
sugarcane bagasse as a biomaterial and raised the possibility of further applications of 
this material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4                  Biocompatibility evaluation of cellulose hydrogel film with mice 
 
- 131 - 
4.5 References 
[1] S. Van Vlierberghe, P. Dubruel, E. Schacht, Biopolymer-based hydrogels as 
scaffolds for tissue engineering applications: A review, Biomacromolecules. 12 (2011) 
1387–1408. doi:10.1021/bm200083n. 
[2] B. V. Slaughter, S.S. Khurshid, O.Z. Fisher, A. Khademhosseini, N.A. Peppas, 
Hydrogels in regenerative medicine, Adv. Mater. 21 (2009) 3307–3329. 
doi:10.1002/adma.200802106. 
[3] R. Barbucci, Hydrogels: Biological properties and applications, Springer Milan, 
Milano, 2009. doi:10.1007/978-88-470-1104-5. 
[4] J.K. Oh, R. Drumright, D.J. Siegwart, K. Matyjaszewski, The development of 
microgels/nanogels for drug delivery applications, Prog. Polym. Sci. 33 (2008) 448–477. 
doi:10.1016/j.progpolymsci.2008.01.002. 
[5] Q. Liu, E.L. Hedberg, Z. Liu, R. Bahulekar, R.K. Meszlenyi, A.G. Mikos, 
Preparation of macroporous poly(2-hydroxyethyl methacrylate) hydrogels by enhanced phase 
separation, Biomaterials. 21 (2000) 2163–2169. doi:10.1016/S0142-9612(00)00137-X. 
[6] J. Zhu, Bioactive modification of poly(ethylene glycol) hydrogels for tissue 
engineering, Biomaterials. 31 (2010) 4639–4656. doi:10.1016/j.biomaterials.2010.02.044. 
[7] M. Kokabi, M. Sirousazar, Z.M. Hassan, PVA-clay nanocomposite hydrogels for 
wound dressing, Eur. Polym. J. 43 (2007) 773–781. doi:10.1016/j.eurpolymj.2006.11.030. 
[8] Y.X. Wang, J.L. Robertson, W.B. Spillman, Jr., R.O. Claus, Effects of the chemical 
structure and the surface properties of polymeric biomaterials on their biocompatibility, 
Pharm. Res. 21 (2004) 1362–1373. doi:10.1023/B:PHAM.0000036909.41843.18. 
[9] K.Y. Lee, D.J. Mooney, Hydrogels for tissue engineering, Chem. Rev. 101 (2001) 
1869–1880. doi:10.1021/cr000108x. 
[10] D. Macaya, K.K. Ng, M. Spector, Injectable collagen-genipin gel for the treatment 
of spinal cord injury: In vitro studies, Adv. Funct. Mater. 21 (2011) 4788–4797. 
doi:10.1002/adfm.201101720. 
[11] J.A. Burdick, G.D. Prestwich, Hyaluronic acid hydrogels for biomedical applications, 
Adv. Mater. 23 (2011) H41–H56. doi:10.1002/adma.201003963. 
[12] A.D. Augst, H.J. Kong, D.J. Mooney, Alginate hydrogels as biomaterials, Macromol. 
Biosci. 6 (2006) 623–633. doi:10.1002/mabi.200600069. 
[13] G. Molinaro, J.C. Leroux, J. Damas, A. Adam, Biocompatibility of thermosensitive 
chitosan-based hydrogels: an in vivo experimental approach to injectable biomaterials, 
Biomaterials. 23 (2002) 2717–2722. doi:10.1016/S0142-9612(02)00004-2. 
[14] M. Jorfi, E.J. Foster, Recent advances in nanocellulose for biomedical applications, J. 
Appl. Polym. Sci. 132 (2015) 41719. doi:10.1002/app.41719. 
 
Chapter 4                  Biocompatibility evaluation of cellulose hydrogel film with mice 
 
- 132 - 
[15] C. Chang, L. Zhang, Cellulose-based hydrogels: Present status and application 
prospects, Carbohydr. Polym. 84 (2011) 40–53. doi:10.1016/j.carbpol.2010.12.023. 
[16] N. Hoenich, Cellulose for medical applications: Past, present, and futre, 
BioResources. 1 (2006) 270–280. doi:10.15376/biores.1.2.270-280. 
[17] F.A. Müller, L. Müller, I. Hofmann, P. Greil, M.M. Wenzel, R. Staudenmaier, 
Cellulose-based scaffold materials for cartilage tissue engineering., Biomaterials. 27 (2006) 
3955–63. doi:10.1016/j.biomaterials.2006.02.031. 
[18] C. Vinatier, O. Gauthier, A. Fatimi, C. Merceron, M. Masson, A. Moreau, et al., An 
injectable cellulose-based hydrogel for the transfer of autologous nasal chondrocytes in 
articular cartilage defects, Biotechnol. Bioeng. 102 (2009) 1259–1267. 
doi:10.1002/bit.22137. 
[19] N. Petersen, P. Gatenholm, Bacterial cellulose-based materials and medical devices: 
Current state and perspectives, Appl. Microbiol. Biotechnol. 91 (2011) 1277–1286. 
doi:10.1007/s00253-011-3432-y. 
[20] K.L. Tovar-Carrillo, M. Tagaya, T. Kobayashi, Bamboo fibers elaborating cellulose 
hydrogel films for medical applications, J. Mater. Sci. Chem. Eng. 01 (2013) 7–12. 
doi:10.4236/msce.2013.17002. 
[21] H. Qi, C. Chang, L. Zhang, Effects of temperature and molecular weight on 
dissolution of cellulose in NaOH/urea aqueous solution, Cellulose. 15 (2008) 779–787. 
doi:10.1007/s10570-008-9230-8. 
[22] J. Zhou, L. Zhang, Solubility of Cellulose in NaOH/urea aqueous solution, Polym. J. 
32 (2000) 866–870. doi:10.1295/polymj.32.866. 
[23] J.X. Sun, X.F. Sun, H. Zhao, R.C. Sun, Isolation and characterization of cellulose 
from sugarcane bagasse, Polym. Degrad. Stab. 84 (2004) 331–339. 
doi:10.1016/j.polymdegradstab.2004.02.008. 
[24] S.E. Jacobsen, C.E. Wyman, Xylose monomer and oligomer yields for uncatalyzed 
hydrolysis of sugarcane bagasse hemicellulose at varying solids concentration, Ind. Eng. 
Chem. Res. 41 (2002) 1454–1461. doi:10.1021/ie001025+. 
[25] K.L. Tovar-Carrillo, S.S. Sueyoshi, M. Tagaya, T. Kobayashi, Fibroblast 
Compatibility on scaffold hydrogels prepared from agave tequilana weber bagasse for tissue 
regeneration, Ind. Eng. Chem. Res. 52 (2013) 11607–11613. doi:10.1021/ie401793w. 
[26] Z. Liu, Y. Jiao, Y. Wang, C. Zhou, Z. Zhang, Polysaccharides-based nanoparticles as 
drug delivery systems, Adv. Drug Delivery. Rev. 60 (2008) 1650–1662. 
doi:10.1016/j.addr.2008.09.001. 
[27] K.L. Tovar-Carrillo, K. Nakasone, S. Sugita, M. Tagaya, T. Kobayashi, Effects of 
sodium hypochlorite on Agave tequilana Weber bagasse fibers used to elaborate cyto and 
 
Chapter 4                  Biocompatibility evaluation of cellulose hydrogel film with mice 
 
- 133 - 
biocompatible hydrogel films, Mater. Sci. Eng. C. 42 (2014) 808–815. 
doi:10.1016/j.msec.2014.06.023. 
[28] C.L. Mccormick, B.H. Hutchinson, Solution studies of cellulose in lithium chloride 
and N,N-Dimethylacetamide, Macromolecules. 18 (1985) 2394–2401. 
doi:10.1021/ma00154a010. 
[29] L.T. Son, K. Takaomi, Hollow-fiber membrane absorbents embedded molecularly 
imprinted polymeric spheres for bisphenol A target, J. Membr. Sci. 384 (2011) 117–125. 
doi:10.1016/j.memsci.2011.09.013. 
[30] M. Yanagisawa, I. Shibata, A. Isogai, SEC-MALLS analysis of cellulose using 
LiCl/1,3-dimethyl-2-imidazolidinone as an eluent, Cellulose. 11 (2004) 169–176. 
doi:10.1023/B:CELL.0000025388.92043.ec. 
[31] M.H. Ullman-Culleré, C.J. Foltz, Body condition scoring: a rapid and accurate 
method for assessing health status in mice, Lab. Anim. Sci. 49 (1999) 319–323. 
[32] Y. Onuki, U. Bhardwaj, F. Papadimitrakopoulos, D.J. Burgess, A review of the 
biocompatibility of implantable devices: current challenges to overcome foreign body 
response., J. Diabetes Sci. Technol. 2 (2008) 1003–1015. 
doi:10.1016/S0091-679X(07)83003-2. 
[33] E. Entcheva, H. Bien, L. Yin, C.Y. Chung, M. Farrell, Y. Kostov, Functional cardiac 
cell constructs on cellulose-based scaffolding, Biomaterials. 25 (2004) 5753–5762. 
doi:10.1016/j.biomaterials.2004.01.024. 
[34] G. Helenius, H. Bäckdahl, A. Bodin, U. Nannmark, P. Gatenholm, B. Risberg, In 
vivo biocompatibility of bacterial cellulose, J. Biomed. Mater. Res. Part A. 76A (2006) 
431–438. doi:10.1002/jbm.a.30570. 
[35] M. Märtson, J. Viljanto, T. Hurme, P. Laippala, P. Saukko, Is cellulose sponge 
degradable or stable as implantation material? An in vivo subcutaneous study in the rat, 
Biomaterials. 20 (1999) 1989–1995. doi:10.1016/S0142-9612(99)00094-0. 
[36] T. Miyamoto, S. Takahashi, H. Ito, H. Inagaki, Y. Noishiki, Tissue biocompatibility 
of cellulose and its derivatives, J. Biomed. Mater. Res. 23 (1989) 125–133. 
doi:10.1002/jbm.820230110. 
[37] T. Nishino, I. Matsuda, K. Hirao, All-cellulose composite, Macromolecules. 37 
(2004) 7683–7687. doi:10.1021/ma049300h. 
[38] C.F. Liu, J.L. Ren, F. Xu, J.J. Liu, J.X. Sun, R.C. Sun, Isolation and characterization 
of cellulose obtained from ultrasonic irradiated sugarcane bagasse, J. Agric. Food Chem. 54 
(2006) 5742–5748. doi:10.1021/jf060929o. 
[39] C. Chung, M. Lee, E. Choe, Characterization of cotton fabric scouring by FT-IR 
ATR spectroscopy, Carbohydr. Polym. 58 (2004) 417–420. 
 
Chapter 4                  Biocompatibility evaluation of cellulose hydrogel film with mice 
 
- 134 - 
doi:10.1016/j.carbpol.2004.08.005. 
[40] G. Hu, C. Cateto, Y. Pu, R. Samuel, A.J. Ragauskas, Structural Characterization of 
Switchgrass Lignin after Ethanol Organosolv Pretreatment, Energy Fuels. 26 (2012) 740–745. 
doi:10.1021/ef201477p. 
[41] A.M.A. Pistorius, W.J. DeGrip, T. a. Egorova-Zachernyuk, Monitoring of biomass 
composition from microbiological sources by means of FT-IR spectroscopy, Biotechnol. 
Bioeng. 103 (2009) 123–129. doi:10.1002/bit.22220. 
[42] M. Cestelli Guidi, C. Mirri, E. Fratini, V. Licursi, R. Negri, A. Marcelli, et al., In 
vivo skin leptin modulation after 14 MeV neutron irradiation: a molecular and FT-IR 
spectroscopic study, Anal. Bioanal. Chem. 404 (2012) 1317–1326. 
doi:10.1007/s00216-012-6018-3. 
[43] J.M. Anderson, A. Rodriguez, D.T. Chang, Foreign body reaction to biomaterials, 
Semin. Immunol. 20 (2008) 86–100. doi:10.1016/j.smim.2007.11.004. 
[44] W.J. Hu, J.W. Eaton, L. Tang, Molecular basis of biomaterial-mediated foreign body 
reactions, Blood. 98 (2001) 1231–1238. doi:10.1182/blood.V98.4.1231. 
 
 
Chapter 5   FT-IR analysis of hydrogen bonds in cellulose hydrogels at different temperature 
 
- 135 - 
Chapter 5 
 
FT-IR analysis of sugarcane cellulose hydrogels in wet 
condition at different temperature and effect of lithium 
chloride concentration. 
 
ABSTRACT: Temperature dependence of hydrogen bonds change in FT-IR spectra of 
sugarcane cellulose hydrogel films having 1800−2000 % of water content was investigated in 
the range of between 30-60 °C. Here, sugarcane bagasse waste was used as cellulosic 
resource and then the purified cellulose was dissolved in lithium chloride 
(LiCl)/N,N-dimethylacetamide solution containing different LiCl concentration of 4, 6, and 8 
wt%. The hydrogel films were obtained from phase inversion of cellulose solution in ethanol 
vapor to the solid hydrogel. To examine temperature effect on hydrogen bonds, FT-IR spectra 
of the swollen hydrogel films with D2O were analyzed with several Gaussian components by 
curve fitting. From intensity changes of the decomposed peaks, it was revealed that intra and 
intermolecular hydrogen bond of the cellulose were weakened and interaction of water with 
cellulose was broken as temperature increased. The decomposed peak intensity ratios vs. 1/T 
plot yielded enthalpy values which were estimated to be 6.5 to 13.1 kJ/mol for the hydrogen 
bond of cellulose in D2O and 11.1 to 12.9 kJ/mol for D2O. In addition, the temperature 
affected viscoelastic property of the hydrogel films. The resultant storage elastic modulus 
(G’) values for each sample were decreased about 1 ×104 Pa from their initial values at 60 °C. 
Although the G’ value for the hydrogel film prepared from 8 wt% LiCl solution recovered in 
cooling step, irreversible G’ values were observed in the case of 4 and 6 wt% LiCl due to less 
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interaction between water and the cellulose hydrogel films. 
 
 
 
5.1 Introduction 
Much attention has been paid to utilization of waste biomass for alternative resource of 
energy and materials, due to foreseeable depletion of fossil fuels and the environmental 
pollution [1,2]. In the agricultural industries, million tons of byproducts are generated as 
waste material including sugarcane bagasse, rice husk, wheat straw, and coconut fiber 
[3–6]. Scientists have devoted much energy to utilize these waste materials containing 
cellulose, hemicellulose and lignin in the production of enzymes, ethanol and composite 
[5,7,8]. Among them, sugarcane is one of the largest agro-industrial residues that have 
potential as sustainable and renewable resource. This is generated as a fibrous residue in 
the extraction process of sugar juice from the sugarcane in the sugar industry. At the 
present time, the most of sugarcane bagasse is used as manure, feedstock, and fuel of 
the boiler in the sugar industry. However, remaining bagasse still continues to be an 
environmental problem [9]. Therefore, the conversion of bagasse into value-added 
product is important in the agricultural industry. 
In our previous work, regeneration of agave bagasse into cellulose hydrogel 
films was successfully studied [10,11]. In this study, agave bagasse generated in tequila 
production was used as a cellulosic resource and then cellulose hydrogel films were 
prepared from purified cellulose solution in lithium chloride (LiCl)/N,N-dimethyl- 
acetamide (DMAc) by phase inversion in ethanol vapor. When LiCl concentration was 
changed from 4 to 12 %, hydrogel properties such as tensile strength, hydrophilicity and 
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fiber arrangement depended on the LiCl concentration [10]. Therefore, it is important to 
reveal fundamental properties of the cellulose hydrogels derived from waste biomass for 
the further application, when different LiCl concentration was used for the preparation 
of the hydrogels. Previous research in the agave cellulose hydrogels showed high water 
content and good mechanical properties. This was due to depending upon the cellulose 
aggregation in the hydrogels. In addition, the swollen hydrogel could be effective for 
interaction through hydrogen bonding between the cellulose segment and water 
molecules. However, very limited works has been made in the regeneration of cellulosic 
materials such as agave and sugarcane bagasse into the swollen hydrogel. 
In the present work, the cellulose hydrogels were prepared from sugarcane 
bagasse waste used as cellulosic resource. The cellulose was chemically purified by 
using sulfuric acid, sodium hydroxide, and sodium hypochlorite and then dissolved in 
LiCl/DMAc solution according to similar procedures [10,11]. Transparent and flexible 
cellulose hydrogel films were obtained when phase inversion from liquid to solid 
occurred under ethanol vapor atmosphere at room temperature. The hydrogel films were 
highly entangled by the cellulose network having hydrogen bond interaction of 
hydroxyl groups in the cellulose chain. FT-IR spectroscopy was employed in order to 
understand intra and intermolecular hydrogen bond of cellulose and interaction of 
water−cellulose at elevated temperature from 30 to 60 °C. Here, for the analysis of 
hydrogen bond, the cellulose hydrogel films were swollen by pure deuterium oxide 
instead of water to prevent over lapping of OH stretching band. The obtained FT-IR 
spectra were analyzed by spectral decomposition into several Gaussian components for 
the swollen hydrogel films. Furthermore, LiCl concentration was varied from 4 to 8 
wt% to investigate effect of LiCl in the cellulose solution on hydrogen bond of the 
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resultant cellulose hydrogel films. Estimated enthalpy for both cellulose−cellulose and 
cellulose−water hydrogen bond was obtained by decomposed peak intensity change at 
different temperature. 
 
5.2 Experimental section 
5.2.1 Materials 
Sugarcane bagasse was obtained from local sugar factory (Okinawa, Japan). Sulfuric 
acid (H2SO4), sodium hydroxide (NaOH), sodium hypochrolite (NaOCl), N,N-dimethyl 
acetamide (DMAc), lithium chloride (LiCl), and ethanol (EtOH) were purchased from 
Nacalai Tesque, Inc. (Tokyo, Japan). DMAc was stored with potassium hydroxide for 
over 3 days and LiCl was dried at 80 °C in the vacuum oven before using. Deuterium 
oxide (D2O) (99.96 atom%) was purchased from Sigma-Aldrich. 
 
5.2.2 Preparation of cellulose hydrogel films from sugarcane bagasse 
Sugarcane baggase fibers were well washed five times with hot water (80 °C) to remove 
the remaining sugar and then dried in an oven at 50 °C. In the first step, 10 g of the 
sugarcane baggase was mechanically stirred in 300 mL of 4 vol% sulfuric acid aqueous 
solution in three necked round-bottom flask for 1.5 h at 90 °C and then stirred in 300 
mL of 10 wt% NaOH aqueous solution for 12 h at 90 °C. Subsequently, the baggase 
fibers were bleached in 300 mL of 10 vol% NaOCl for 3 h at 50 °C to remove lignin 
component. At the each step, bagasse fibers were washed with distilled water until 
neutral pH. Eventually, purified cellulose fibers were dried in a vacuum oven at room 
temperature. The treated sugarcane bagasse fibers were used for the following cellulose 
solution and hydrogel preparation. At the cellulose dissolution, the obtained cellulose 
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fibers were stirred in distilled water at room temperature for 24 h. After filtration, the 
swelled fibers were stirred in EtOH and subsequently in DMAc at room temperature for 
24 h [12]. Both dried DMAc and LiCl were added to obtain 1 wt% cellulose solution 
and stirred at room temperature for 1 day to dissolve cellulose fiber. Here, the LiCl 
concentration was varied from 4, 6 to 8 wt% in the cellulose solution. The resultant 
viscous solution was centrifuged at 9000 rpm to remove insoluble portion. Eventually, 1 
wt% cellulose in LiCl/DMAc was obtained. To prepare cellulose hydrogel film, 4 g of 
cellulose solution was poured into Petri dish with 91 mm diameter and kept at room 
temperature for 24 h in a plastic container (120 × 120 × 60 mm
3
) with 40 mL of EtOH 
and vapor atmosphere. Coagulation was gradually progressed with time and finally 
cellulose hydrogel film was obtained by phase inversion from liquid to solid gel [13]. 
The resultant film was washed with excess water and then placed in distilled water for 
24 h to remove DMAc and LiCl. The obtained hydrogel films were kept in plastic 
container filled with distilled water until further experiments. 
 
5.2.3 Evaluation of temperature effect on the sugarcane cellulose hydrogel 
To evaluate temperature effect on FT-IR spectra for hydrogen boding network in the 
cellulose hydrogels, FT-IR spectroscopy was performed as follows. Prior to spectral 
measurement, the hydrogel films were dried in a vacuum oven for 24 h and then cut into 
15 × 15 mm
2
 pieces with 12 μm thickness. The sample film was placed on calcium 
fluoride (CaF2) plate (30 mm diameter and 2 mm thickness, Peir optics Co. Ltd.) used as 
optical window and then 0.4−0.6 μL of distilled water was applied on the sample film to 
hydrate the hydrogel film. After that, this was sandwiched with two CaF2 plates and 
tightly sealed using butyl rubber tape to prevent water evaporation during the 
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experimental period. The sample cell was placed in temperature controller (TXN-700, 
ASONE, Japan) in the spectrometer. FT-IR spectra were recorded by FT-IR 
spectrometer (FT/IR-4100, JASCO, Japan) with 4 cm
−1
 resolution and 16 scans at the 
different temperature. Here, temperature was varied from 30 to 60 °C at 1 °C/min. As 
well as the case of water, D2O was used to swell the cellulose hydrogel films and FT-IR 
spectra were measured. In the FT-IR spectral analysis for OH and OD stretching, these 
spectra were decomposed several Gaussian components by curve fitting with fixed peak 
with the use of OriginPro software (OriginLab. Corp.) [14,15]. Furthermore, 
visocelastic properties of the cellulose hydrogel films were investigated by using 
rheometer (Physica MCR301, Anton Paar, Austria) when the temperature was changed 
from 25 to 60 °C at 3 °C/min. Then, they were similarly cooled from 60 to 25 °C during 
viscoelastic measurement. The strain and frequency were fixed at 0.1 % strain and 1 Hz, 
respectively. 
 
5.2.4 Measurements of the cellulose hydrogel film properties 
The swollen hydrogel films were cut into 10 × 10 mm
2 
for measurement of water 
content (WC). The film pieces were put in distilled water at 25 and 60 °C for 24 h. After 
that, excess water on the surface of sample was removed by filter paper and then weight 
of the swollen sample was determined. Dry weight of sample was measured after drying 
in a vacuum oven. WC of the hydrogel films was calculated by following equation: WC 
= ((Ws−Wd)/Wd) × 100, where Ws was weight of the swollen sample and Wd was 
weight of the dried sample. For these experiments, five hydrogel films were used and 
the average value of WC was calculated. Viscoelastic measurement of the swollen 
hydrogel films was carried out using rheometer (Physica MCR301, Anton Paar, Austria) 
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at 25 °C. Relationship of storage elastic modulus (G’), loss elastic modulus (G’’) and 
strain was evaluated at fixed frequency of 1 Hz. The value of strain was varied from 
0.01 to 100%. 
 
5.3 Results and discussion 
5.3.1 Influence of temperature on FT-IR spectra of the cellulose hydrogel films 
FT-IR spectroscopy has frequently been employed for analysis of hydrogen bond 
because molecular vibration of hydroxyl group is highly sensitive in the infrared region 
especially in 3000−3600 cm−1. It can provide helpful information of hydrogen bonding 
networks in the water and polymer. Thus, FT-IR spectroscopy was performed to reveal 
influence of temperature on the hydrogen bonding in the swollen cellulose hydrogel 
films when temperature was varied from 30 to 60 °C. Figure 5.1 shows FT-IR spectra of 
the swollen cellulose hydrogel films prepared from cellulose solution having LiCl 
concentration of 4, 6 and 8 wt% at different temperature. There were strong and broad 
absorption peak of O−H stretching in 3700 to 3000 cm−1 and C−H stretching for the 
alkyl groups of cellulose at 2900 cm
−1
. The absorption at 1640 cm
−1
 was assigned to the 
bending mode of absorbed water molecules [16]. The absorption of C−H and O−H 
bending appeared in the region from 1420 to 1261 cm
−1
 [17]. In the FT-IR spectra of the 
swollen cellulose hydrogel films, significant changes were observed in the region of 
O−H stretching band. It was seen in all sample films that absorption peak at lower wave 
number decreased with temperature increase. In contrast to that, the absorption at higher 
wave number above 3400 cm
−1
 slightly increased. It is accepted that hydrogen boding of 
water in polymer is roughly divide into two components: strongly hydrogen bonded  
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Figure 5.1 IR spectral changes of swollen sugarcane cellulose hydrogel films with 
water at different temperature of 30−60 °C. The hydrogel films were prepared from 
cellulose solution with different LiCl concentration of (a) 4, (b) 6 and (c) 8 wt%. 
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O−H of water at around 3200 cm−1 and no or weak hydrogen bonded O−H above 3400 
cm
−1
 [18]. Also, according to the study by Marechal et al., they assigned absorption 
peaks of cellulose from 3275−3410 to hydrogen bonded O−H and absorption peak 
above 3450 cm
−1
 to weak or no hydrogen boded O−H [19]. Thus, these spectral changes 
meant that the temperature increase of the swollen hydrogel films caused ruptures of the 
hydrogen boding structure. Interestingly, there were small differences in the spectral 
changes among hydrogel films prepared from cellulose solution with different LiCl 
content. However, it was difficult to analyze the change in the OH stretching band in the 
swollen hydrogel films with water due to overlapped O−H stretching band of water and 
cellulose. 
Therefore, to reveal detailed interaction changes in water molecule and 
cellulose, D2O was used to hydrate cellulose hydrogel films. Figure 5.2 shows FT-IR 
spectra of the swollen cellulose hydrogel films with D2O. The additional broad peak 
was observed in each sample around 2500 cm
−1
, corresponding to O−D stretching band 
of D2O. The spectral change upon temperature increase showed similar tendency to the 
swollen hydrogel films with H2O in both O−H and O−D stretching band, suggesting 
rupture of hydrogen bond. To investigate furthermore the temperature effect on the 
hydrogen bond in the swollen hydrogel films, the FT−IR spectral change was analyzed 
by peak deconvolution [14,15,20]. These spectra were decomposed into several 
Gaussian components by curve fitting with fixed peak positions. Here, the peak 
positions were determined using a second derivative method. As shown in Figure 5.3, 
the broad O−H stretching bands of hydrogel films and O−D stretching band of D2O 
were decomposed into six and five Gaussian components, respectively. The peak center 
of each component was also listed in Table 5.1. All assignments of decomposed O−H  
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Figure 5.2 IR spectral changes of the swollen sugarcane cellulose hydrogel films with 
deuterium oxide at different temperature of 30−60 °C. The hydrogel films were 
prepared from cellulose solution with different LiCl concentration of (a) 4, (b) 6 and (c) 
8 wt%. 
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Table 5.1 Peak positions of the decomposed Gaussian components for O−H stretching 
band of cellulose and O−D stretching band of D2O. 
Peak 
index 
O−H stretching (Cellulose) 
Peak 
index 
O−D stretching (D2O) 
4wt% LiCl 6wt% LiCl 8wt% LiCl 
4wt% 
LiCl 
6wt% LiCl 8wt% LiCl 
a 3283±2.9 3285±8.1 3301±0.6 g 2414±0.8 2411±0.6 2418±13.2 
b 3348±2.9 3348±4.6 3370±0.3 h 2504±1.8 2498±0.7 2493±2.2 
c 3441±0.4 3443±0.5 3444±0.5 i 2552±1.1 2553±0.7 2553±0.7 
d 3490±1.9 3492±0.6 3492±0.4 j 2629±4.8 2633±2.4 2629±3.6 
e 3554±4.0 3557±3.4 3541±0.4 k 2681±2.1 2682±1.4 2680±2.6 
f 3603±2.9 3606±2.9 3603±2.4 
    
 
 
 
 
 
 
Figure 5.4 Possible structure of the cellulose molecule in the swollen hydrogel. 
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stretching absorption of cellulose at various wave number were determined in 
accordance with some reports [21–23]. Figure 5.4 shows the possible structure of the 
cellulose molecule in the swollen hydrogel. Here, the peak (a) around 3285 cm
−1
 was 
assigned to intermolecular hydrogen bonded O−H at C(6) carbon in the cellulose 
molecule. The peak (b) and (c) were corresponding to intramolecular hydrogen bond of 
C(3)−OH to neighboring oxygen at C(5) and C(2)−OH to C(6)−OH, respectively. The 
peak (d) was probably due to hydrogen bonded C(2)−OH or C(6)−OH to water 
molecule [20,24]. Remaining peak (e) and (f) were assigned to free or weakly hydrogen 
bonded C(2)−OH and C(6)−OH, respectively. Regarding to theses peak assignments, it 
could be considered that peak 4, 5 and 6 involved changes in the interaction of water 
molecules with O−H groups of the cellulose in the hydrogel film, because other 
components were corresponding to intra or intermolecular interaction among the O−H 
groups of cellulose. 
As seen, when temperature was increased from 30 to 60 °C, the peak intensity 
was changed in decomposed components for the O−H stretching region of cellulose 
(Figure 5.5). It was expected that peaks (a), (b) and (c) were decreased resulting from 
rupture of hydrogen bond with temperature increase, because these peaks were assigned 
intra and inter hydrogen bonded O−H in the cellulose. The peak (a) and peak (c) of the 
hydrogel films prepared form 4 and 6 wt% LiCl solution had a tendency to decrease 
with temperature increase as expected. In the case of the 8 wt% LiCl, the peak (a) 
decreased and the peak (c) was almost constant. However, the peak (b) of all sample 
films corresponding to intramolecular hydrogen bond of C(3)−OH to O(5) slightly 
increased or was constant. In Regard to this peak, Hofstetter et al. reported that when 
deuterium exchange method was employed to examine moisture up take behavior of  
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native cellulose, FT-IR spectra indicated only limited deuterium exchange of C(3)−OH 
[25]. These results suggested that intramolecular hydrogen bonded C(3)−OH was 
remarkably stable even though temperature stimulus was applied up to 60 °C. On the 
other hand, other peaks (d), (e) and (f) assigned to hydrogen bonded O−H with water 
molecule or free O−H showed insignificant change or slightly increased with 
temperature increase. Thus, the intensities of these peaks were increased relative to 
those of the peak (a)−(c). Consequently, the overall intensity changes of the 
decomposed components in the cellulose O−H stretching region indicated that intra and 
intermolecular hydrogen bond of O−H groups in the cellulose hydrogel films was 
broken by temperature stimulus. Then, free or weakly hydrogen bonded O−H were 
formed. 
 In the case of O−D stretching region of D2O, the decomposed five peaks in 
Figure 5.3b were interpreted according to several reports [26,27]. Walrafen and 
coworkers reported that decomposed raman spectra of O−D stretching absorption into 
four Gaussian components were classified into two pairs: two hydrogen bonded peaks in 
lower wavenumber region and two non-hydrogen bonded peaks in higher wavenumber 
region [26]. In the present study, five peaks were observed in the O−D stretching band 
based on second derivative of FT-IR spectra (Figure 5.3b). Since decovolution of neat 
D2O showed only four components, additional peak (i) around 2550 cm
−1
 could 
correspond to loosely hydrogen bonded D2O molecules to the O−H groups of the 
cellulose polymer chain. Therefore, the pairs of the peaks (g) and (h) were assigned to 
hydrogen-bonded molecules and those of (j) and (k) for non-hydrogen bonded D2O 
molecules. In the same manner as O−H stretching band, peak intensity changes of five 
decomposed O−D stretching band were plotted vs. temperature in Figure 5.6. 
3
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The peak (g) and (h) in the all sample films showed a tendency to decrease and peak (i) 
increased with temperature increase. These peak intensity changes implied that 
increased temperature caused rupture of hydrogen bond in the D2O and interaction 
between D2O molecule and the cellulose polymer chain. In the non-hydrogen bonded 
pair, the peak (j) of the 4 and 6 wt% LiCl decreased at 60 °C and that of 8 wt% LiCl 
was almost constant. In addition, the peak (k) showed insignificant changes in all 
samples. Thus, it was evident that hydrogen bond between D2O molecules and cellulose 
was broken by heating and then free or weakly hydrogen bonded D2O increased. 
Meanwhile, they formed weak hydrogen bond with O−H groups of the cellulose in the 
hydrogel films. In Table 5.2, water content of the cellulose hydrogel films at 25 and 
60 °C showed significant decrease about 100 to 200% with temperature increase. This 
indicated that dehydration of water around the cellulose polymer chain occurred in the 
hydrogel film at 60 °C. From the results of the peak deconvolution of the FT-IR spectra  
 
 
Table 5.2 Enthalpy values calculated from van’t Hoff plot (Figure 5.7) and water 
content of the sugarcane cellulose hydrogel films. 
Sample 
ΔH(OH) 
[kJ/mol] 
ΔH (D2O) 
[kJ/mol] 
Water content [%] 
25 °C 60 °C 
4 wt% LiCl  10.1 12.1 2047±52 1865±64 
6 wt% LiCl 13.1 11.1  2023±101  1801±137 
8 wt% LiCl 6.5 12.9 2258±82 2139±62 
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and water content measurement, followings were suggested: Intra and intermolecular 
hydrogen bond of the cellulose polymer chain was broken as temperature increased up 
to 60 °C. Simultaneously, interaction between the cellulose O−H and D2O molecules 
were reduced and then dehydration occurred in the hydrogel matrix. 
 As shown in Figure 5.7, natural logarithm of decomposed peak intensity ratio 
Ln(IB/IA) was plotted vs. 1/T [28,29]. In the case of the O−H stretching band, IA and IB 
were defined as IA = Ia + Ic and IB = Ib + Id + Ie + If, respectively, where I and the 
subscripts indicated decomposed peak intensity and peak index. Linear approximate 
equations were calculated by least-square fit and their slope corresponded to ΔH which 
was considered as an H−bond breakage enthalpy change. For the O−D stretching band, 
peak intensity change was plotted similarly to the O−H stretching band. In this case, IA 
and IB were IA = Ig + Ih and IB = Ii + Ij + Ik, respectively. In Table 5.2, ΔH values 
calculated from decomposed O−H stretching bands differed from 13.1 to 6.5 kJ/mol, 
which were much smaller than reported value of 25.0 kJ/mol for the hydrogen boding 
energy in the cellulose [30]. However, this was probably due to hydration of the 
cellulose hydrogel films because the D2O molecule forming hydrogen bonds with 
cellulose polymer chain interfered with hydrogen bonds between the cellulose 
molecules. In addition, LiCl concentration of initial cellulose solution strongly 
influenced on hydrogen bonding strength of cellulose in the swollen hydrogel films. It 
was revealed by Tebojevich et al. that higher LiCl concentration destabilized 
aggregation of cellulose and promoted the association of solvated cellulose [31]. Thus, 
relatively aggregated cellulose in the hydrogel films of 4 and 6 wt% LiCl caused less 
interaction with D2O, resulting in stronger hydrogen bond among the cellulose 
molecules than 8 wt% LiCl. This presumption was supported by water content 
 
Chapter 5   FT-IR analysis of hydrogen bonds in cellulose hydrogels at different temperature 
 
- 153 - 
 
 
 
 
 
 
0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
ig
u
re
 5
.7
. 
R
at
io
 o
f 
I B
/I
A
 i
n
 n
at
u
ra
l 
lo
g
ar
it
h
m
 w
as
 p
lo
tt
ed
 a
s 
a 
fu
n
ct
io
n
 o
f 
1
0
3
/T
 f
o
r 
(a
) 
O
−
H
 a
n
d
 (
b
) 
O
−
D
 s
tr
et
ch
in
g
 b
an
d
, 
se
e 
te
x
t 
fo
r 
d
ef
in
it
io
n
 o
f 
I A
 a
n
d
 I
B
.  L
in
ea
r 
li
n
e 
in
d
ic
at
es
 l
ea
st
 s
q
u
ar
e 
fi
t 
o
f 
th
e 
d
at
a.
 S
y
m
b
o
ls
 i
n
 t
h
e 
fi
g
u
re
 a
re
 c
o
rr
es
p
o
n
d
in
g
 t
o
 t
h
e 
su
g
ar
ca
n
e 
ce
ll
u
lo
se
 h
y
d
ro
g
el
 f
il
m
s 
o
f 
(s
q
u
ar
e)
 4
, 
(c
ir
cl
e)
 6
, 
an
d
 (
tr
ia
n
g
le
) 
8
 w
t%
 L
iC
l.
 
3
.0
3
.1
3
.2
3
.3
-0
.8
-0
.6
-0
.4
-0
.2
0
.0
3
.0
3
.1
3
.2
3
.3
-0
.6
-0
.4
-0
.2
0
.0
0
.2
 8
%
L
iC
l
 6
%
L
iC
l
 4
%
L
iC
l
Ln(IB/IA)
1
0
0
0
/T
 (
K
-1
)
(a
) 
O
H
 s
tr
e
tc
h
in
g
 4
%
L
iC
l
 6
%
L
iC
l
 8
%
L
iC
l
Ln(IB/IA)
1
0
0
0
/T
 (
K
-1
)
(b
) 
O
D
 s
tr
e
c
h
in
g
 
Chapter 5   FT-IR analysis of hydrogen bonds in cellulose hydrogels at different temperature 
 
- 154 - 
measurement in Table 5.2. The water contents of 4 and 6 wt% LiCl were almost same 
values of 2047 and 2023 %, but in the case of the 8 wt% LiCl, the value was higher in 
2258 %. This result indicated relatively less hydration of the 4 and 6 wt% LiCl hydrogel 
films, whereas stronger hydrogen bonds were formed among the cellulose molecules in 
them, resulting in higher values of ΔH. 
In the O−D stretching bands, ΔH values of three hydrogel films were around 12 
kJ/mol. This was consistent with reported value of 11.7 kJ/mol for pure D2O obtained 
from raman spectroscopy [26]. Slightly higher values may be due to contribution of 
hydrogen bonds between D2O and the cellulose polymer chain. Thus, it was considered 
that certain difference in the ΔH value indicated the interaction strength of cellulose to 
D2O. Indeed, the order of ΔH values was corresponding to that of water content. 
 
5.3.2 Influence of temperature on viscoelastic property of the cellulose hydrogel 
films 
It was expected that the breakage of hydrogen bonds induced by temperature change 
also affected mechanical property of the swollen sugarcane cellulose hydrogel films. 
Thus, viscoelastic measurement was performed for each hydrogel films prepared from 
cellulose solution with different LiCl concentration, when temperature was varied from 
25 to 60 °C. In Figure 5.8, storage elastic modulus (G’) was plotted vs. temperature. In 
all samples, the G’ values decreased about 1×104 Pa from initial value with temperature 
increasing. This phenomenon could be due to the breakage of both intra and 
intermolecular hydrogen bonds of the cellulose film, including water molecules. It 
should be noted that the hydrogel films of 4 and 6 wt% LiCl showed incomplete 
recovery in the cooling step and those recovered G’ values were slightly higher than 
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Figure 5.8 Temperature dependence of storage elastic modulus (G’) of the sugarcane 
cellulose hydrogel films from 25 to 60 °C at fixed strain of 0.1% and frequency of 1 Hz. 
Symbols represents different hydrogel films of (square) 4, (circle) 6, and (triangle) 8 
wt% LiCl. Open and closed symbols are for heating step and cooling step, respectively. 
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Figure 5.9 Storage (G’) and loss(G’’) elastic moduli of the swollen sugarcane cellulose 
hydrogel films vs. strain varied from 10
−2
 to 10
2 
at fixed frequency of 1 Hz, 25 °C. 
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initial values. This result suggested the presence of partially irreversible hydrogen bonds 
in these two cellulose hydrogels. Figure 5.9 shows relationship between G’ and G’’ for 
the viscoelasticity of the hydrogel films. Here, the strain was varied from 10
−2
 to 10
2
 % 
at 25 °C and constant frequency of 1 Hz. The crossover point of G’ and G’’ meant 
fracture of material or inability to follow deformation, since rigid polymer network may 
not flow. So, crossover point at lager strain indicated flexible structure of the hydrogel 
film. In the case of 8 wt% LiCl, the G’ and G’’ values were overlapped at 10% strain. 
However, crossover points of 4 and 6 wt% LiCl were 2−3% which indicated less 
flexible structure of the hydrogel films comparing to 8 wt% LiCl. From the results of IR 
and water content measurement, it was considered that the cellulose hydrogel matrix 
was partially dehydrated due to breakage of hydrogen bonds with water molecules at 
temperature of 60 °C. In the cooling step, hydrogen bonds between cellulose and water 
were recovered in the hydrogel film of 8 wt% LiCl. However, in the case of 4 and 6 
wt% LiCl, relatively rigid structure of the cellulose hydrogel and lower affinity to water 
restricted hydrogen bond recovery. This could cause irreversible and higher G’ value of 
the hydrogel film at the strain condition relative to initial condition. 
 
5.4 Conclusion 
Temperature dependence of FT-IR spectra in the swollen cellulose hydrogel films was 
investigated. The hydrogel films were prepared from cellulose solution with different 
LiCl concentration of 4, 6, and 8 wt%. The spectral decomposition of O−H and O−D 
stretching bands revealed that intra and intermolecular hydrogen bonds of cellulose 
were weakened at elevated temperature up to 60 °C and hydrogen bond between 
cellulose and water was simultaneously broken. This caused lower water content of the 
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hydrogel films indicating dehydration of cellulose polymer chain. Estimated ΔH values 
from decomposed peak intensity ratio vs. 1/T indicated that lower LiCl concentration 
like 4 and 6 wt% interfered interaction between cellulose and water molecules. In 
addition, in the viscoelastic properties of the hydrogel films, G’ values of each samples 
decreased about 1 × 10
4
 Pa with temperature increasing. However, irreversibility of G’ 
value was observed in the 4 and 6 wt% LiCl due to lower flexibility of the hydrogel 
matrix and relatively weak affinity to water. 
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Chapter 6 
 
Summary 
Since biomass has been attracted much attentions as sustainable resource, this thesis 
focused on effective utilization of sugarcane bagasse waste as a cellulosic feedstock and 
the conversion to the value-added product. The present work demonstrated regeneration 
of sugarcane bagasse into transparent and flexible cellulose hydrogel films and 
mentioned usefulness for biocompatible materials. Furthermore, cytocompatibility and 
biocompatibility of the cellulose hydrogel films were investigated for further 
application in biomedical field such as tissue regeneration. 
 In Chapter 1, belief introductions of biomass, especially several agricultural 
residues and natural polymers from biomass were made at the beginning of the thesis. 
Additionally, natural polymer-based hydrogel including cellulose and their biomedical 
applications were explained. 
 In chapter 2, pre-treatment effect of sugarcane bagasse on the cellulose solution 
and the hydrogel films were investigated. UV-vis spectroscopy and XRD measurement 
revealed that sodium hypochlorite (NaOCl) treatment was effective to remove lignin 
from bagasse and increased water content of hydrogel from 1200 to 2000 %. However, 
NaOCl treatment at high temperature caused significant decrease of cellulose molecular 
weight and weakening of hydrogel films. Also, scanning probe microscopy revealed that 
cellulose fibers in the hydrogel were changed from thin fiber association with diameter 
of a few ten nm to water swollen and thick fiber structure. After the sugarcane bagasse 
was chemically treated, trace lignin was remained in the cellulose hydrogel films.  
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In Chapter 3, effect of trace lignin on the hydrogel properties and 
cytocompatibility was investigated. Lignin content was evaluated by UV-vis 
spectroscopy to be 1.62−0.68% depending on sodium hydroxide (NaOH) treatment 
condition and then NaOCl. Relatively hydrophobic hydrogel film containing higher 
lignin content had better tensile strength and elongation. Furthermore, it was noted that 
hydrogel film with 1.62 % lignin showed a better cytocompatibility than polystyrene 
dish used as a control. Cultured fibroblast on the hydrogel film formed monolayer after 
48−72 h from initial cell seeding. Thus, it was suggested that the trace lignin was 
nontoxic to the fibroblast cell. Consequently, trace lignin greatly affected the hydrogel 
properties and the cytocompatilibty even though difference in the content was small. 
 In Chapter 4, biocompatibility evaluation of the sugarcane cellulose hydrogel 
film was made by in vivo test with mice. Implantation of the hydrogel films 
insignificantly affected the growth pattern of mice for 4 weeks. In addition, there was no 
sign of severe inflammation response at the implant site, indicating that the hydrogel is 
biocompatible. Size exclusion chromatography revealed that the cellulose hydrogel 
somewhat degraded in the living body. However, the cellulose hydrogel films seemed to 
be stable and kept strength during the implantation period for 4 weeks. To the best of 
our knowledge, this was first report on the in vivo biocompatibility of cellulose 
hydrogel derived from waste biomass such as sugarcane bagasse.
 
 Chapter 5 described FT-IR analysis of cellulose hydrogel films at elevated 
temperature from 30−60 °C. Here, the hydrogen bond change was measured by the 
spectroscopy for the swollen hydrogel films which were prepared from cellulose 
solution containing different LiCl concentration of 4, 6, and 8 wt%. Spectral 
deconvolution of cellulose hydrogel swollen with D2O suggested that inter and intra 
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molecular hydrogen bonds of cellulose weakened with temperature increase as well as 
interaction between cellulose and D2O. These results meant dehydration of cellulose 
hydrogel. Estimated ΔH values from van’t Hoff plot of decomposed peak intensity ratio 
indicated that lower LiCl concentration decreased affinity of the hydrogel to the water. 
Furthermore, temperature dependence of storage elastic modulus of the hydrogel 
showed irreversible recovery in the 4 and 6 % LiCL, when temperature was increased 
and then decreased in the range of 30−60 °C. This could be duet to relatively rigid gel 
matrix and low affinity to water. 
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